Multifunctional polymer composites containing inorganic nanoparticles and novel low-cost carbonaceous fillers by Wu, Hongchao
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2014
Multifunctional polymer composites containing
inorganic nanoparticles and novel low-cost
carbonaceous fillers
Hongchao Wu
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Mechanics of Materials Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Wu, Hongchao, "Multifunctional polymer composites containing inorganic nanoparticles and novel low-cost carbonaceous fillers"
(2014). Graduate Theses and Dissertations. 13708.
https://lib.dr.iastate.edu/etd/13708
  
Multifunctional polymer composites containing inorganic nanoparticles and novel low-
cost carbonaceous fillers 
 
by 
 
 
Hongchao Wu 
 
 
 
A dissertation submitted to the graduate faculty 
 
in partial fulfillment of the requirements for the degree of 
 
DOCTOR OF PHILOSOPHY 
 
 
 
Major: Materials Science and Engineering 
 
Program of Study Committee: 
Michael R. Kessler, Major Professor  
Xiaoli Tan 
Nicola Bowler 
Gap-Yong Kim 
Samy Madbouly 
 
 
 
 
 
 
 
Iowa State University 
 
Ames, Iowa 
 
2014 
 
 
 
Copyright © Hongchao Wu, 2014. All rights reserved.
ii 
 
 
TABLE OF CONTENT 
LIST OF FIGURES................................................................................................................... .... vi 
LIST OF TABLES...........................................................................................................................x 
ACKNOWLEDGMENT................................................................................................................ xi 
ABSTRACT..................................................................................................................................xii 
CHAPTER 1: GENERAL INTRODUCTION ............................................................................... 1 
 
1.1 Introduction ........................................................................................................................... 1 
1.2 Dissertation organization ....................................................................................................... 2 
1.3 Background and literature review ......................................................................................... 4 
1.3.1 Recent research progress in polymer nanocomposites ................................................... 4 
1.3.2 Inorganic nano-fillers in polymer composites ................................................................ 5 
1.3.3 Carbonaceous filler materials ......................................................................................... 8 
1.3.4 Selection of polymer matrix ......................................................................................... 10 
1.4 Research objectives ............................................................................................................. 14 
1.4.1 Zirconium tungstate/epoxy nanocomposites: effect of nanoparticle morphology       
and negative thermal expansivity .......................................................................................... 14 
1.4.2 Multifunctional cyanate ester nanocomposites reinforced by hexagonal boron      
nitride from non-covalent biomimetic functionalization ....................................................... 15 
1.4.3 Asphaltene: structural characterization, molecular functionalization, and       
application  as low-cost filler in epoxy resin ......................................................................... 15 
1.4.4 High performance and low-cost hybrid composites from asphaltene/SBS tri-block 
copolymer .............................................................................................................................. 16 
1.5 References ........................................................................................................................... 16 
 
CHAPTER 2: ZIRCONIUM TUNGSTATE/EPOXY NANOCOMPOSITES: EFFECT OF 
NANOPARTICLE MORPHOLOGY AND NEGATIVE THERMAL EXPANSIVITY ............ 24 
 
2.1 Abstract ............................................................................................................................... 24 
2.2 Introduction ......................................................................................................................... 25 
2.3 Experimental ....................................................................................................................... 27 
iii 
 
2.3.1 Materials ....................................................................................................................... 27 
2.3.2 Synthesis of ZrW2O8 nanoparticles .............................................................................. 28 
2.3.3 Preparation of ZrW2O8/epoxy nanocomposites ............................................................ 28 
2.3.4 Characterization ............................................................................................................ 29 
2.4 Results and discussion ......................................................................................................... 31 
2.5 Conclusion ........................................................................................................................... 51 
2.6 Acknowledgement ............................................................................................................... 52 
2.7 References ........................................................................................................................... 52 
 
CHAPTER 3: MULTIFUCNTIONAL CYANATE ESTER NANOCOMPOSITES 
REINFORCED BY HEXAGONAL BORON NITRIDE AFTER NON-COVALENT 
BIOMIMETIC FUNCTIONALIZATION.................................................................................... 56 
 
3.1 Abstract ............................................................................................................................... 56 
3.2 Introduction ......................................................................................................................... 57 
3.3 Experimental ....................................................................................................................... 59 
3.3.1 Materials ....................................................................................................................... 59 
3.3.2 Functionalization of h-BN nanoparticles...................................................................... 59 
3.3.3 Preparation of h-BN/BECy nanocomposites ................................................................ 60 
3.3.4 Measurement and characterization ............................................................................... 61 
3.4 Results and discussion ......................................................................................................... 62 
3.5 Conclusion ........................................................................................................................... 85 
3.6 Acknolwedgement ............................................................................................................... 86 
3.7 References ........................................................................................................................... 86 
 
CHAPTER 4: ASPHALTENE: STRUCTURAL CHARACTERIZATION, MOLECULAR 
FUNCTIONALIZATION, AND APPLICATION AS LOW-COST FILLERS IN EPOXY 
COMPOSITES...............................................................................................................................90 
 
4.1 Abstract ............................................................................................................................... 90 
4.2 Introduction ......................................................................................................................... 91 
4.3 Experimental ....................................................................................................................... 92 
4.3.1 Materials ....................................................................................................................... 92 
4.3.2 Extraction of asphaltene ............................................................................................... 93 
4.3.3 Molecular modification of asphaltene .......................................................................... 93 
iv 
 
4.3.4 Preparation of asphaltene/epoxy composites................................................................ 94 
4.3.5 Measurement and characterization ............................................................................... 94 
4.4 Results and Discussion ........................................................................................................ 95 
4.4.1 Characterization of pristine asphaltene ........................................................................ 95 
4.4.3 Characterization of asphaltene/epoxy composites ...................................................... 105 
4.5 Conclusion ......................................................................................................................... 111 
4.6 Acknowledgement ............................................................................................................. 111 
4.7 References ......................................................................................................................... 112 
 
CHAPTER 5: HIGH PERFORMANCE AND LOW-COST HYBRID COMPOSITES        
FROM ASPHALTENE/SBS TRI-BLOCK COPOLYMER ...................................................... 115 
 
5.1 Abstract ............................................................................................................................. 115 
5.2 Introduction ....................................................................................................................... 116 
5.3 Experimental ..................................................................................................................... 117 
5.3.1 Materials ..................................................................................................................... 117 
5.3.2 Extraction of asphaltene ............................................................................................. 117 
5.3.3 Preparation of asphaltene/SBS hybrid composites ..................................................... 118 
5.3.4 Characterization .......................................................................................................... 119 
5.4 Results and discussion ....................................................................................................... 119 
5.5 Conclusion ......................................................................................................................... 131 
5.6 Acknowledgement ............................................................................................................. 132 
5.7 References ......................................................................................................................... 132 
 
CHAPTER 6: GENERAL CONCLUSIONS.............................................................................. 135 
 
6.1 General discussion ............................................................................................................. 135 
6.2 Recommendations for future research ............................................................................... 138 
 
APPENDIX A: SPPLEMENTARY INFORMATION FOR CHAPTER 2 ............................... 141 
 
A.1 Investigation of variation in CTE among ZrW2O8 nanoparticles ..................................... 141 
A.2 References ........................................................................................................................ 142 
 
APPENDIX B: SPPLEMENTARY INFORMATION FOR CHAPTERS 5 AND 6 ................. 143 
v 
 
B.1 Comparison of FT-IR for the two asphaltene ................................................................... 143 
B.2 Comparison of Raman spectra for the two asphaltene ..................................................... 146 
B.3 Comparison of XPS spectra for the two asphaltene ......................................................... 149 
vi 
 
LIST OF FIGURES    
Figure 1-1 Structure of (a) CNT and (b) graphene ......................................................................... 8 
Figure 1-2 Proposed structure of asphaltene molecule ................................................................... 9 
Figure 1-3 Structure of bisphenol A diglycidyl ether ................................................................... 11 
Figure 1-4 Chemical structure and polymerization of cyanate ester monomer ............................ 12 
Figure 1-5 Structure of SBS tri-block copolymer ......................................................................... 13 
Figure 2-1 SEM images of three types of ZrW2O8 nanoparticles with different                
morphologies:   (a) Type-1 ZrW2O8 nanoparticles, (b) Type-2 ZrW2O8 nanoparticles,                
(c) Type-3 ZrW2O8 nanoparticles ................................................................................................. 31 
 
Figure 2-2 TEM images of ZrW2O8/epoxy nanocomposites with different types and                     
volume fractions of nanoparticles: (a) 10 vol. % Type-1 ZrW2O8,                                                
(b) 20 vol. % Type-1 ZrW2O8, (c) 10 vol. % Type-2 ZrW2O8, (d) 20 vol. % Type-2 ZrW2O8,     
(e) 10 vol. % Type-3 ZrW2O8, (f) 20   vol. % Type-3 ZrW2O8 .................................................... 33 
 
Figure 2-3 XRD patterns of ZrW2O8, neat epoxy, and ZrW2O8/epoxy nanocomposites ............. 34 
Figure 2-4 Comparison of TGA measurements for ZrW2O8/epoxy nanocomposites .................. 35 
Figure 2-5 Comparison of viscosity of ZrW2O8/epoxy suspensions ............................................ 36 
Figure 2-6 Representation of gel point determination and comparison of gelation time of the  
neat epoxy resin and the ZrW2O8/epoxy nanocomposites ............................................................ 37 
 
Figure 2-7 Comparison of the effect of filler loading levels on thermal strain in ZrW2O8/      
epoxy nanocomposites reinforced with Type-2 nanoparticles ...................................................... 38 
 
Figure 2-8 Comparison of the CTE values of neat epoxy resin and ZrW2O8/epoxy 
nanocomposites in the (a) glassy region and (b) rubbery region. The error bars represent  
standard deviations, based on five samples. ................................................................................. 40 
 
Figure 2-9 Comparison of dynamic-mechanical properties of ZrW2O8/epoxy nanocomposites . 42 
Figure 2-10 Comparison of (a) the storage modulus (E’) at 25 °C; (b) Tg and crosslinking  
density measured from the tan δm peaks of ZrW2O8/epoxy nanocomposites. The error bars 
represent standard deviations based on three samples. ................................................................. 43 
 
vii 
 
Figure 2-11 Comparison of (a) dielectric constant and (b) dissipation factor of ZrW2O8/        
epoxy nanocomposites .................................................................................................................. 46 
 
Figure 2-12 Comparison of the dielectric breakdown voltage of ZrW2O8/epoxy   
nanocomposites. The error bars represent standard deviations based on ten measurements. ....... 47 
 
Figure 2-13 Comparisons of (a) the CDF of the measured dielectric strength with linear             
fitting slopes and (b) slope value obtained from the linear fitting of ZrW2O8/epoxy 
nanocomposites. ............................................................................................................................ 50 
 
Figure 3-1 Schematic illustration of non-covalent functionalization of BN nanoparticles via 
polydopamine ................................................................................................................................ 63 
 
Figure 3-2 SEM images of h-BN nanoparticles: (a) pristine and (b) dopamine-treated ............... 64 
Figure 3-3 TEM image of dopamine-treated h-BN nanoparticles ................................................ 64 
Figure 3-4 Thermal degradation of pristine and dopamine-treated h-BN nanoparticles .............. 65 
Figure 3-5 Raman spectra of pristine and dopamine-treated h-BN nanoparticles ........................ 66 
Figure 3-6 TEM images of h-BN/BECy nanocomposites with different functionalities and 
loadings: (a) 5 vol. % pristine, (b) 5 vol. % dopamine-treated, (c) 10 vol. % pristine, (d)            
10 vol. % dopamine-treated, (e) 15 vol. % pristine, (f) 15 vol. % dopamine-treated ................... 67 
 
Figure 3-7 XRD patterns of h-BN nanoparticles, neat BECy, h-BN/BECy nanocomposites at 
different filler loading ................................................................................................................... 68 
 
Figure 3-8 Comparison of thermal stability of neat BECy and h-BN/BECy nanocomposites ..... 69 
Figure 3-9 Thermal strain of h-BN/BECy nanocomposites ......................................................... 71 
Figure 3-10 Thermo-mechanical properties of h-BN/BECy nanocomposites: (a)               
experimental CTE values, and (b) prediction models of CTE in the glassy region.                    
The error bars represent standard deviations based on four measurements.................................. 72 
 
Figure 3-11 Dynamic mechanical properties of h-BN/BECy nanocomposites: (a) storage 
modulus, and (b) tan δm ................................................................................................................. 75 
 
Figure 3-12 Comparison of (a) storage modulus at 25 °C, and (b) glass transition               
temperature of h-BN/BECy nanocomposites. The error bars represent standard deviations    
based on four measurements. ........................................................................................................ 77 
 
Figure 3-13 Thermal conductivity of h-BN/BECy nanocomposites: (a) experimental values,    
and (b) prediction models of thermal conductivity. The error bars represent standard              
deviations based on three measurements. ..................................................................................... 79 
viii 
 
Figure 3-14 Dielectric properties of h-BN/BECy nanocomposites: (a) experimental dielectric 
constant, (b) prediction models of dielectric constant at 1 Hz, and (c) dissipation factor ............ 82 
 
Figure 3-15 Comparison of dielectric breakdown voltage of h-BN/BECy nanocomposites.             
The error bars represent standard deviations based on twenty measurements. ............................ 84 
 
Figure 4-1 Main absorbance peaks in FT-IR spectra of asphaltene.............................................. 96 
Figure 4-2 Deconvolution of experimental Raman spectra of asphaltene .................................... 97 
Figure 4-3 High-resolution XPS spectra with fitting of (a) C 1s, (b) O 1s, (c) N 1s, and (d)          
S 2p in asphaltene samples ........................................................................................................... 99 
 
Figure 4-4 SEM images of asphaltene particles at (a) 20,000 × (b) 40,000 × ............................ 101 
Figure 4-5 Comparison of thermal degradation of pristine and functionalized asphaltene                 
under  air gas ............................................................................................................................... 102 
 
Figure 4-6 (a) XPS survey spectra and (b) atomic concentration comparison of pristine and 
functionalized asphaltene ............................................................................................................ 104 
 
Figure 4-7 FT-IR spectra of pristine, APTES- and GPTMS-treated asphaltene ........................ 104 
Figure 4-8 (a) Storage modulus (E’) and (b) tan δ of epoxy composites reinforced by                 
GPTMS-treated asphaltene at different loadings ........................................................................ 106 
 
Figure 4-9 Comparison of (a) storage modulus (E’) at 25 °C and (b) Tg of asphaltene/epoxy 
composites. The error bar represents the standard deviation determined from four tested  
samples. ....................................................................................................................................... 107 
 
Figure 4-10 Thermal degradation of (a) pristine, (b) APTES-treated, (c) GPTMS-treated 
asphaltene reinforced epoxy composites at different loadings under nitrogen gas. ................... 109 
 
Figure 5-1 FT-IR absorbance spectra of asphaltene after subtraction of baseline ...................... 120 
Figure 5-2 Morphology of asphaltene powders (a) 5,000 ×; (b) 20,000 × ................................. 121 
Figure 5-3 Comparison of η* and G′ of asphaltene/SBS composites at 180 °C ......................... 122 
Figure 5-4 Comparison of (a) thermal degradation and (b) derivative weight changes of the 
asphaltene/SBS composites under nitrogen atmosphere ............................................................. 123 
 
Figure 5-5 Representative E’ and tan δ curves of asphaltene/SBS composites .......................... 125 
ix 
 
Figure 5-6 Comparison of (a) E’ at glassy and rubbery regions (b) Tg and tan δ peak                  
magnitude of asphaltene/SBS composites. The error bars represent standard deviations            
based on three to four samples. ................................................................................................... 126 
 
Figure 5-7 Comparison of stress-strain curves of asphaltene/SBS composites .......................... 127 
Figure 5-8 Comparison of (a) tensile strength and elongation at break; (b) Young’s modulus     
for asphaltene/SBS composites. The error bars represent standard deviations based on three  
samples. ....................................................................................................................................... 129 
 
Figure 5-9 SEM images of fracture surface of asphaltene/SBS composites: (a) Neat SBS;                
(b) 5 wt. %; (c) 10 wt. %; (d) 20 wt. %; (e) 30 wt. %; (f) 40 wt. %; (g) 50 wt. % ..................... 131 
 
Figure 6-1 Structure of BNNT .................................................................................................... 139 
Figure A-1 TEM images of (a) Type-1 ZrW2O8 nanoparticle, (b) Type-2 ZrW2O8                    
nanoparticle and (c) Type-3 ZrW2O8 nanoparticle ..................................................................... 141 
 
Figure B-1 (a) Comparison of FT-IR absorbance spectra of two asphaltenes; (b) Main 
absorbance peaks in FT-IR spectra of asphaltene ....................................................................... 143 
 
Figure B-2 Raman spectra of asphaltene #1 at five recorded locations ...................................... 146 
 
  
x 
 
LIST OF TABLES            
Table 2-1 Physical description of three types of ZrW2O8 nanoparticles ...................................... 32 
Table 2-2 Weight residue and onset thermal-degradation temperature of epoxy resin and 
ZrW2O8/epoxy nanocomposites .................................................................................................... 36 
 
Table 3-1 Calculated amount of components applied in the processing of h-BN/BECy 
nanocomposites ............................................................................................................................. 60 
 
Table 3-2 Onset thermal degradation temperature and residual weight of neat BECy and h-
BN/BECy nanocomposites. The standard deviation was calculated based on four    
measurements. ............................................................................................................................... 70 
 
Table 4-1 Elemental analysis of asphaltene .................................................................................. 96 
Table 4-2 Summary of Raman spectra analysis of asphaltene ..................................................... 99 
Table 4-3 Deconvoluted peak data of high-resolution spectra of elements in asphaltene .......... 101 
Table 4-4 Thermal degradation temperatures of asphaltene/epoxy composites at 5% and                  
10% weight loss. The standard deviation was determined from four tested samples. ................ 110 
 
Table 5-1 Composition of pristine asphaltene ............................................................................ 120 
Table 5-2 Summary of weight loss and thermal stability of asphaltene and asphaltene/SBS 
composites under nitrogen atmosphere ....................................................................................... 124 
 
Table B-1 FT-IR peak assignment and analysis of the two asphaltene samples ........................ 144 
Table B-2 Comparison of molecular physical properties of the two asphaltene samples .......... 145 
Table B-3 Raman spectrum analysis of asphaltenes at five selected locations .......................... 147 
Table B-4 Deconvoluted peak data of high-resolution spectra of the elements in the two                   
types   of asphaltene samples ...................................................................................................... 149 
xi 
 
ACKNOWLEDGMENT 
 Firstly, I would thank my major professor Dr. Michael Kessler for his continued 
guidance, mentoring and academic instruction throughout my Ph.D. program. I would also thank 
Dr. Xiaoli Tan, Dr. Nicola Bowler, Dr. Gap-Yong Kim, and Dr. Samy Madbouly for serving on 
my Ph.D. advisory committee board and providing additional technical support and research 
suggestion. I acknowledge the financial support from Honeywell Federal Manufacturing and 
Technology over different projects. 
 Then, I would like to show my gratitude to my current and former members in the 
polymer composites research group for their valuable corporation and discussion – Dr. Ying Xia, 
Dr. Mahendra Thunga, Dr. Vijay Kumar, Dr. Hongyu Cui, Dr. Peter Hondred, Dr. Eliseo De 
León, Danny Vennerberg, Yuzhan Li, Chaoqun Zhang, Ruqi Chen, Rui Ding, Kunwei Liu, Hong 
Lu, Shengzhe Yang, and Harris Handoko. In addition, I also appreciate Tracey Pepper (Genetics, 
Development & Cell Biology, Iowa State University) for her assistant in TEM measurement, Dr. 
James Anderegg (Ames Laboratory) for his help with XPS measurement, Dr. Steve Veysey 
(Department of Chemistry, Iowa State University) for his assistance with the elemental analysis, 
and Landi Zhong (Materials Science and Engieering, Iowa State University) for the thermal 
conductivity measurement.  
 At last, I would like to thank my beloved parents and all the family members in China for 
their ever-lasting support and encouragement. Besides that, thanks to my beautiful girlfriend Qin 
Ma for her continuous support, understanding, and encouragement during the time I live in 
Ames. Finally, I want to show my grateful feeling to all my dear friends both in China and in 
United States. 
xii 
 
ABSTRACT 
Advanced polymer nanocomposites/composites containing inorganic nanoparticles and 
novel carbonaceous fillers were processed and evaluated for the multifunctional purposes.  
To prepare the high performance conformal coating materials for microelectronic 
industries, epoxy resin was incorporated with zirconium tungstate (ZrW2O8) nanoparticles 
synthesized from hydrothermal reaction to alleviate the significant thermal expansion behavior. 
Three types of ZrW2O8 at different loading levels were selected to study their effect of physical 
(morphology, particle size, surface area, etc.) and thermal (thermal expansivity) properties on the 
rheological, thermo-mechanical, dynamic-mechanical, and dielectric properties of epoxy resin. 
Epoxy resin incorporated by Type-1 ZrW2O8 exhibited the overall excellent performance. 
 Hexagonal boron nitride (h-BN) nanoplatelets were non-covalently encapsulated by a 
versatile and mussel-adhesive protein polydopamine through the strong π-π* interaction. The 
high-temperature thermoset bisphenol E cyanate ester (BECy) reinforced with homogenously 
dispersed h-BN at different volume fractions and functionalities were processed to investigate 
their effect on thermo-mechanical, dynamic-mechanical, dielectric properties and thermal 
conductivity. Different theoretical and empirical models were also successfully applied for the 
prediction of CTE, thermal conductivity and dielectric constant of h-BN/BECy nanocomposites. 
On the basis of the improvement in dimensional stability, the enhancement in storage modulus in 
both glassy and rubbery regions, associated with the increment in thermal conductivity without 
deterioration of thermal stability, glassy transition temperature and dielectric properties, pristine 
h-BN/BECy nanocomposites exhibited the prospective application in microelectronic packaging 
xiii 
 
industry. Polydopamine functionalized h-BN significantly increased the dielectric constant of 
cyanate ester at lower frequency region. 
 Asphaltene, a carbonaceous by-product of crude oil extraction, was studied as a novel 
and low-cost additives in polymer matrices. Two kinds of asphaltene were extracted and 
investigated using different analytical techniques for the comparison of their elemental 
composition, molecular structure, and morphology. One asphaltene underwent the successful 
molecular functionalization via two silane coupling agents prior to the preparation of epoxy 
composites. Another asphaltene was incorporated into poly(styrene-butadiene-styrene) 
copolymers (SBS) for the fabrication of hybrid composites using melt compounding technique. 
Based on it intrinsic rigid molecular structure, the reinforcement effect of asphaltene was 
recognized to be more pronounced in a softer matrix (SBS) than the rigid one (epoxy). 
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CHAPTER 1: GENERAL INTRODUCTION 
1.1 Introduction 
Composite, defined as material consisting of two or more constituent components with 
distinct phases, physical and chemical properties, can be classified into three major types based 
on matrix materials: metal matrix composites (MMC), ceramic matrix composites (CMC) and 
polymer matrix composite (PMC). Due to the easiness and low expense for manufacturing, light 
weight, adjustable mechanical, thermal and electrical properties, PMC have attracted widely 
research interests for decades. The applications of PMC are broadly ranged from aerospace 
engineering to biomedical devices, from civil commercial applications to microelectronic 
packaging industry. Various materials for both incorporated filler (inorganic and organic 
materials) and polymer matrix (thermosets and thermoplastics) make possible for processing of 
PMC with distinct properties depending on specific purposes. Generally, the reinforcements in 
polymer matrix can be categorized into three groups according to the dimension of fillers, 
including particulate reinforcement, fiber reinforcement, and laminate reinforcement.   
Conventionally, the reinforcement materials are regarded as micro-sized dimensional 
scale, which is comparable with the bulk polymer. In recent decades, the rapid and thrived 
nanotechnology facilitates the development and application of nanomaterials in various areas, 
such as solar cells, energy storage devices and biomedical drug delivery. Compared with 
traditional composites, polymer nanocomposites contain the reinforcement fillers with at least 
one dimension less than 100 nm. Given the ultra-high area-volume ratio, the molecular 
interaction between nano-fillers and host matrix can affect the intrinsic properties of polymer and 
further can result in superior performance of nanocomposites.    
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The goal of this research consists two parts. The first part is to determine the effect of 
advanced inorganic nanoparticles on the various properties of thermosets and to develop high 
performance polymer nanocomposites with multi-functionalities. The second part is to develop 
novel low-cost carbonaceous filler “asphaltene” from the by-product of petroleum and to 
evaluate its effect on thermo-mechanical and mechanical properties in both thermoplastic 
elastomer and thermoset resin.  
1.2 Dissertation organization 
 Chapter 1 provides the general introduction over the recent research background of 
polymer composites, the structure of dissertation, and research objectives. 
 Chapter 2 focuses on the synthesis and characterization of ZrW2O8/epoxy 
nanocomposites. Different techniques were performed to study the effect of physical and thermal 
properties of ZrW2O8 nanoparticles on rheological, thermo-mechanical, dynamic-mechanical and 
dielectric properties of epoxy resin. Nanoparticles with a smaller particle size and larger surface 
area led to a more significant reduction in gel-time and glass transition temperature of the epoxy 
nanocomposites, while a higher initial viscosity and significant shear thinning behavior was 
found in pre-polymer suspensions containing ZrW2O8 with larger particle sizes and aspect ratios. 
Importantly, ZrW2O8 nanoparticles improved both thermo- and dynamic-mechanical properties 
of epoxy resin without negatively affected the dielectric constant or the breakdown strength of 
the polymer matrix. 
 Chapter 3 discusses the surface functionalization of h-BN nanoplatelets and fabircation of 
h-BN/BECy nanocomposites. A mussel-inspired surface modification approach was developed 
to functionalize the chemically inertness of h-BN with an adhesive protein polydopamine in a 
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solvent-free medium. The strong π-π* interaction between hexagonal structural BN and aromatic 
dopamine molecule facilitated 15 wt. % polydopamine thin film encapsulating the BN 
nanoparticles. Pristine h-BN/BECy nanocomposites exhibited the promising improvement in 
dimensional stability, the enhancement in storage modulus in both glassy and rubbery regions, 
associated with the increment in thermal conductivity without deterioration of thermal stability, 
glassy transition temperature and dielectric properties. On the other hand, polydopamine 
functionalized h-BN significantly increased the dielectric constant of cyanate ester at lower 
frequency region by sustaining the excellent breakdown strength. 
Chapter 4 covers the characterization, functionalization and application of asphaltene as a 
new filler material in epoxy resin. Asphaltene extracted from asphalt (bitumen) was investigated 
by different analytical techniques for the characterization of its composition, molecular structure 
and morphology. Then, the molecules of asphaltene were successfully functionalized by 3-
glycidyloxypropyltrimethoxysilane and 3-aminopropyltriethoxysilane as confirmed by a series of 
techniques. Finally, asphaltene/epoxy composites at different loading levels were prepared and 
their thermo-mechanical properties were examined. The thermal analysis results revealed the 
reinforcing effect of asphaltene in epoxy resin by causing a significant increase in storage 
modulus of both glassy and rubbery regions, slightly increased the glass transition temperature 
without negatively affecting thermal stability. 
Chapter 5 continues the work on the effect of asphaltene filler on another polymer matrix. 
Poly(styrene-butadiene-styrene) copolymer (SBS) was chosen and was incorporated with 
asphaltene for the fabrication of hybrid materials at different loadings using melt-compounding. 
The incorporation of asphaltene particles improved the thermo-mechanical properties of the 
copolymer matrix by increasing the thermal stability, enhancing the storage modulus in both 
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glassy region and rubbery region. The overall mechanical properties also improved substantially 
by blending asphaltene into the SBS matrix. Finally, a slightly increase in viscosity of the melted 
SBS compound with asphaltene particles facilitated easiness of processing of this high 
performance hybrid material.  
Chapter 6 summarizes the general conclusion of the whole work and gives the 
recommendations for future research regarding each project. 
1.3 Background and literature review 
1.3.1 Recent research progress in polymer nanocomposites 
The history of polymer nanocomposites starts from the nano-scale fumed silica back in 
early twentieth century. In the next several decades, the discovery of nanoclay, carbon nanotubes 
and other nanomaterials gradually became popular research topics that promoted the 
development of polymer nanocomposites in both industrial and academic fields. To some extent, 
however, some early studies showed that properties of nanocomposites seemed to be even 
inferior to the neat polymer, which drew special research attention to revisit and investigate the 
samples preparation and processing.  
The major challenge that frustrating the polymer nanocomposites with promising 
performances lies on two critical issues: dispersion and interfacial interaction. The inter-particle 
attractive forces, including dipole-dipole attraction force (polar particles), and van der Waals 
forces (nonpolar particles), associated with the large surface area are attributed to strong 
tendency of self-agglomeration, and the resulted inhomogeneous dispersion of nanofillers in 
polymer matrix causes the formation of various defects that affecting the overall performance 
and properties. On the other hand, the surface functionality of nanofillers is another key 
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determinant in controlling the samples’ performance. For example, it is well acknowledged that 
weak (negative) interaction between functional groups on filler’s surface and polymer causes the 
deterioration of thermo-mechanical properties and dielectric properties. To tackle this 
troublesome problems, different surface modification of reinforcements are developed and 
explored to enhance the compatibility and interfacial activity between filler and polymer matrix 
by using coupling agents [1-3], surfactants [4, 5], and functional polymers [6, 7]. Moreover, 
since the interaction between the nanofiller and matrix occurs at molecular level, the overall 
performance of nanocomposites cannot be predicted or understood solely by the traditional rule 
of mixing. As a consequence, the empirical and theoretical models are being established to take 
account of complicated interfacial activities in those heterogeneous systems.  
1.3.2 Inorganic nano-fillers in polymer composites 
 Owning to the characteristics like extraordinary high strength and toughness, desirable 
dimensional stability (low CTE), outstanding electrical properties (piezoelectricity and 
dielectricity), featured magnetic properties, inorganic (ceramic) nanomaterial becomes a major 
group of nano-sized additives to enhance polymer performance in multi-aspects, including 
thermal stability, flame and chemical resistance, mechanical reinforcement, thermo-mechanical 
properties, thermal and electrical conductivity. Based on morphologies, aspect ratio and 
dimensions, nanofillers could be generally categorized as nanoparticles (e.g. nanospheres, 
nanocubics, nanorods, nanoplatelets, etc.), nanotubes/nanofibers, and nanosheets. In recent years, 
a wide range of inorganic nanomaterials are studied for applications in polymer nanocomposites, 
such as silica [8-10], TiO2 [11-14], BaTiO3 [15-17], ZnO [18-20], CuO [21]. In this work, 
zirconium tungstate and boron nitride are chosen as two inorganic nanoparticles for the 
fabrication of multifunctional polymer nanocomposites. 
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1.3.2.1 Zirconium tungstate 
Negative thermal expansion (NTE) materials, exhibit contraction in volume upon heating 
within certain temperature ranges [22], can be categorized into the structural families of cubic 
AM2O7 [23-25] (A=Ti, Hf, Zr, Sn; M=P, V), cubic AM2O8 [22, 26, 27] (A=Zr, Hf; M=W, Mo) 
and orthorhombic A2M3O12 [28, 29] (A=Sc, Al; M=Mo, W) structures. Zirconium tungstate 
(ZrW2O8) has been one of the most studied NTE ceramic material due to its strong and isotropic 
negative thermal expansion behavior over a broad temperature range (from 0.3 to 1050 K) with a 
reversible order-disordered transition from the α-phase (P213 space group) to the β-phase (Pa-3 
space group) at 430 K, and an irreversible transition between the α-phase and the γ-phase 
(P212121 space group) under pressures above 0.2 GPa [27, 30]. The NTE behavior of ZrW2O8 is 
originated from the transverse vibration of oxygen atoms linking WO4 tetrahedra and ZrO6 
octahedra in the unit cell, leading to polyhedra rotation with rising temperature. Such rotation 
causes the structure to recede inward and results in a reduction of unit cell volume [27, 31, 32].  
ZrW2O8 has attracted a growing research interest for its potential application as a fillers 
material in composites to control thermal expansion behavior and to eliminate generated residual 
thermal stress under the temperature variation. Several studies indicated that ZrW2O8 could be 
incorporated into metal and ceramic-based matrices [33-36], however, due to the overall high 
CTE values of polymer materials, ZrW2O8 has been widely applied in epoxy resins [37-39], 
polyimides [40-42], phenolic resins [43], and cyanate esters [44-46]. In the recent decades, the 
development of nano-scale ZrW2O8 opens a new research field. It is reported that nano-sized 
ZrW2O8 can be synthesized from hydrothermal reaction in acidic medium; the morphologies of 
nanoparticles could be controlled depending on reaction conditions, such as temperature, acid 
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concentration and type [47-50]. In addition, the synthesized nano-ZrW2O8 with distinct 
morphologies also showed differently in CTE value due to the crystallinity of nanoparticles [50]. 
1.3.2.2 Boron nitride 
 Boron nitride (BN) is a non-oxide ceramic in form of either amorphous or crystalline 
structure. Among different polymorph of crystalline BN, hexagonal BN (h-BN) is the most 
stable form with the graphite-like layered structure containing equal numbers of covalent bonded 
boron and nitrogen atoms. Alike a counterpart relationship between diamond and graphite, a less 
stable cubic BN (c-BN) has sphalerite crystal structure resemble to diamond, whose hardness is 
inferior only to diamond. Finally, wurtzite BN possesses the structure by repeating array of 
hexagons in three dimensional spaces. Renowned for outstanding thermal conductivity (600 
W/m·K), promising electrical resistance with a band gap of 5.5 eV, excellent dimension stability 
(~2 ppm·K
-1
), desirably low dielectric constant (~4) and breakdown voltage (53 kV/mm), along 
with superb resistance to high temperature oxidation, BN has been under extensively studied for 
making the advanced polymer composites employed in microelectronic and aerospace industries. 
In recent decades, an increasing numbers of studies on various polymer matrix materials 
incorporated with BN were reported, including epoxy resin [51, 52], polyimide [51, 53], liquid 
crystalline polyimide [54], polyacrylonitrile [55], bismaleimide resin [56], and polyethylene [6].  
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1.3.3 Carbonaceous filler materials 
  
Figure 1-1 Structure of (a) CNT and (b) graphene 
Carbonaceous material is defined as a substance that is rich in carbon elements. Carbon 
has several allotropes that possess distinctive properties and considerable applications. For 
example, owning to its unique mechanical properties, thermal and electric conductivity, carbon 
nanotube (CNT), which is an cylindrical nanostructure (elongated fullerene) formed by graphene 
sheet of carbon shown in Figure 1-1(a), provides the multi-properties to a wide range of 
thermosets (epoxy resin [57-59], polyimide [60-62], and cyanate ester [63-65]) and 
thermoplastics (polyamide [66, 67], poly(methyl methacrylate) [68, 69], polystyrene [70]). 
Carbon fiber (graphite fiber),  are considered to consist of layers of truncated conic sections or 
“stacked cups” of graphene [71], widely serves in various applications in aerospace, structural 
engineering and military utilities for its outstanding mechanical strength and stiffness, promising 
chemical and temperature resistance, and desirable low thermal expansion. Graphene, another 
allotrope of carbon formed as a single-atom nanosheet of graphite (Figure 1-1(b)), has risen 
considerable research interests from various fields for its prospective application in electric 
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devices and energy storage devices. For example, in addition to exhibiting significant 
enhancement in performance of polymers [72-74], graphene is also extensively investigated in 
advanced electric devices field by developing of metal-oxide nanocomposites [75-77].  
However, the inevitable processing difficulties and high cost still constrains the 
widespread application for the majority of carbon nanomaterials. Carbon black, which is 
produced from incomplete combustion of heavy petroleum products, has the amorphous structure 
resembling to layered graphite form. Due to its relatively low cost and easiness of 
manufacturing, the main application of carbon black is found in the reinforcing filler to improve 
the tensile strength and wear resistance of rubber products in tire industries. Except for its 
mechanical enhancement, several earlier studies also revealed the improvement in electronic 
conductivity in different polymer blends [78-81].  
 
Figure 1-2 Proposed structure of asphaltene molecule 
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Another low cost carbon-based material isolated from asphalt (bitumen) also implies the 
potential candidate for polymer additives but has never been explored before. Asphaltene is the 
heaviest and most complicated hydrocarbon components in crude oil, which also contains 
paraffins, resins, aromatics, and naphthenes [82]. Asphaltene is described as polynuclear 
aromatics with significant molecular mass, aromaticity, and heteroatom content. It is well 
understood that flocculation and self-aggregation of asphaltene molecules may result in the 
formation of coke-like precursors that are responsible for plugging well bores and flow lines, 
blocking transfer pipelines [83], and deactivating catalytic reactions during upgrading and 
refining processes [84]. A variety of molecular interactions contribute to the aggregation of 
asphaltene molecules and to the formation of colloidal particles in crude oil, including hydrogen 
bond forces, aromatic π-π* stacking forces [85, 86], polarity induction forces [54], and 
electrostatic attractions between the molecules [55, 56]. Although much attention has been paid 
to identify the factors that influence the stability of asphaltene – which have as much to do with 
its composition and molecular structure as with the crude oil in which it is contained, a complete 
molecular analysis of asphaltene has not yet been achieved.  However, it is generally 
acknowledged that asphaltene molecules consist of fused poly-condensed aromatic and 
naphthenic unit cores that are surrounded by alicyclic and aliphatic side chain substituents with 
heteroatoms such as nitrogen, sulfur, and oxygen, and traces of metal elements [87]. From the 
aspects of its low-cost and abundant raw material source as well as rigid molecular structure, 
asphaltene is assumed to be an alternative promising filler material in polymer industry. 
1.3.4 Selection of polymer matrix   
 Polymers could be generally defined into three groups based on the formation of polymer 
chains: thermoplastics (linear) and thermosets (network). In addition to the variety of filler 
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materials, different matrix materials are available to make the PMC to meet specific proposes. In 
this work, two thermoset resins and one thermoplastic elastomer chosen in the processing of 
polymer composites are provided with their research background. 
1.3.4.1 Epoxy resin 
 
Figure 1-3 Structure of bisphenol A diglycidyl ether 
Epoxy resin is one of the most common and important thermoset polymers. The most 
common and important class of epoxy resin is called bisphenol A diglycidyl ether, whose 
structure is shown in the Figure 1-3. Due to the excellent adhesion, advantageous heat and 
chemical resistance, superior mechanical properties, and good electrical insulating properties, 
epoxy resins find broad applications in the adhesives and construction materials industries. 
Epoxy resins have been extensively investigated for the improvement properties from different 
aspects by incorporation of inorganic fillers for many years. For example, layered silicate 
improved the dynamic modulus of epoxy resins [88]; the incorporation of carbon nanotubes 
enhanced the thermal and mechanical properties as well as the electrical conductivity of epoxy 
resins [89, 90]; incorporation of ZnO nanoparticles into epoxy resin achieved high-UV shielding 
efficiency and high-visible light transparency [91]; epoxy nanocomposites filled with silica 
nanoparticles achieved improved mechanical properties [92]; nanoclay were studied in epoxy 
resin for the promising mechanical properties [93, 94]; dielectric properties of epoxy composites 
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were enhanced as introduction of BaTiO3 particles into the matrix [95]; thermal conductivity of 
epoxy resin was increased as reinforced by boron nitride nanoplatelets [51].  
1.3.4.2 Cyanate ester resin 
 
Figure 1-4 Chemical structure and polymerization of cyanate ester monomer 
Compared with most of conventional thermosetting polymers such as epoxy and 
polyimide, cyanate esters (CE) exhibit outstanding performance especially for their excellent 
thermal stability, superior mechanical properties, and attractive low dielectric loss. The 
polymerization of CE is displayed in Scheme 1-4, whose mechanism is based on the polymerized 
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of reactive ring-forming cyanate functional groups (−O−C≡N) containing monomer through the 
cyclotrimerization. Among two common commercial available cyanate esters for the high 
temperature application, bisphenol E cyanate ester (BECy) superior to bisphenol A cyanate ester 
(BACy) based on the easiness of processing (low viscosity) at room temperature. Various filler 
materials were studied for the improvement of CE performance. For instance, carbon nanotubes 
[63, 65, 96-98], POSS [99], CaCu3Ti4O12 [100] and BaTiO3 [101] were investigated to improve 
the dielectric and mechanical properties of BACy; thermal expansion behavior of BECy was 
tailored by incorporated micron and nano-sized ZrW2O8 [44-46]; Si nanoparticles [102] and SiO2 
coated Fe3O4 fillers [103] facilitated the multifunctional performance of BECy. 
1.3.4.3 Poly(styrene-butadiene-styrene)  
 
Figure 1-5 Structure of SBS tri-block copolymer 
Poly(styrene-butadiene-styrene) tri-block copolymer (SBS) is one of the most important 
commercially available thermoplastic elastomers. As shown in Figure 1-5, the structure of SBS 
contains two-phase morphology: the glassy polystyrene (PS) domains are covalently connected 
by rubbery polybutadiene (PB) segments [104, 105] in an alternative manner. Besides its 
mechanical properties (e.g. softness, flexibility and extensibility) that are similar to those of other 
synthetic and natural rubbers [106], SBS also exhibits several other advantages, such as good 
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damping properties, chemical resistance, and electrical insulation [107]. SBS is not only used as 
a polymer matrix in composites with various reinforcement fillers, including carbon black [108], 
carbon nanotubes [109-112], carbon fibers [113], and clay [114-116], but is also extensively 
explored for the preparation of polymer blends, including poly(2,6-dimethyl-1,4-phenylene 
oxide) [117], polyaniline [118-120], and thermoplastic polyurethane [106]. In addition, a great 
amount of works were investigated for the improvement in the overall performance of bitumen 
for road paving applications by applying SBS as modifier, including rheological, mechanical and 
physical properties [121, 122]. 
1.4 Research objectives 
1.4.1 Zirconium tungstate/epoxy nanocomposites: effect of nanoparticle morphology and 
negative thermal expansivity  
 Three types of ZrW2O8 nanoparticles with different morphologies and thermal 
expansivities are synthesized under hydrothermal method by carefully controlling the reaction 
conditions. The morphology of nanoparticles is characterized by scanning electron microscope 
(SEM). The studies on crystallinity and dispersion of nanoparticles in epoxy resin are conducted 
on transmission electron microscope (TEM). X-ray Diffraction (XRD) patterns of synthesized 
ZrW2O8 nanoparticles and prepared epoxy nanocomposites are collected as well. To investigate 
the effect of nanoparticles on the rheological, thermo-mechanical, dynamic-mechanical and 
dielectric properties of epoxy resin, different characterization techniques are involved, including 
rheology, thermogravimetric analyzer (TGA), thermo-mechanical analyzer (TMA), dynamic-
mechanical analyzer (DMA), dielectric spectrometer and dielectric rigidity instrument. 
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1.4.2 Multifunctional cyanate ester nanocomposites reinforced by hexagonal boron nitride from 
non-covalent biomimetic functionalization 
The non-covalent functionalization of h-BN is performed in a green aqueous solution by 
self-polymerization of dopamine monomers around the nanoparticles via π-π* attraction force. 
The dopamine-treated h-BN nanoparticles are characterized with several techniques to confirm 
the success of surface modification, including SEM, TEM, Raman, and TGA. The morphology 
and structural analysis of the prepared h-BN/BECy nanocomposites are analyzed with TEM and 
XRD. The thermal mechanical properties of nanocomposites are characterized by TGA, TMA, 
and DMA. The effect of h-BN on thermal conductivity and dielectric properties are also explored 
on specific instruments. Furthermore, empirical and theoretical models are applied to provide 
prediction of CTE, permittivity, and thermal conductivity behaviors of nanocomposites. 
1.4.3 Asphaltene: structural characterization, molecular functionalization, and application as 
low-cost filler in epoxy resin 
 Asphaltene is extracted from asphalts with SARA (saturates-aromatics-resins-
asphaltenes) fractionation strategy. The difference in compositions, molecular structures and 
morphologies of asphaltene are investigated through elemental analysis, Fourier Transform 
Infrared Spectroscopy (FTIR), Raman Spectrometer, X-ray photoelectron spectroscopy (XPS), 
and SEM. To improve the chemical functionality, the extracted asphaltene is performed by 
molecular functionalization with silane coupling agents and further verified by TGA, FTIR, and 
XPS. The epoxy composites are processed by incorporation of pristine and silane-treated 
asphaltene at different weight percent (0 - 5 wt. %) and characterized for thermal mechanical 
properties with DMA and TGA. 
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1.4.4 High performance and low-cost hybrid composites from asphaltene/SBS tri-block 
copolymer 
Asphaltene is isolated from another kind of asphalt with SARA method and characterized 
for its inherent characteristics with different analytical techniques. The purified asphaltene 
powders are directly blended into SBS through melt-compounding at higher loading levels upto 
50 wt. %. Rheological, thermal stability, dynamic-mechanical and mechanical properties of 
asphaltene/SBS hybrids are then characterized comprehensively.  
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CHAPTER 2: ZIRCONIUM TUNGSTATE/EPOXY NANOCOMPOSITES: EFFECT OF 
NANOPARTICLE MORPHOLOGY AND NEGATIVE THERMAL EXPANSIVITY 
A paper published in ACS Applied Materials and Interface
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2.1 Abstract 
The ability to tailor the coefficient of thermal expansion (CTE) of a polymer is essential 
for mitigating thermal residual stress and reducing micro-cracks caused by CTE mismatch of 
different components in electronic applications. This work studies the effect of morphology and 
thermal expansivity of zirconium tungstate nanoparticles on the rheological, thermo-mechanical, 
dynamic-mechanical, and dielectric properties of ZrW2O8/epoxy nanocomposites. Three types of 
ZrW2O8 nanoparticles were synthesized under different hydrothermal conditions and their 
distinct properties were characterized, including morphology, particle size, aspect ratio, surface 
area, and CTE. Nanoparticles with a smaller particle size and larger surface area led to a more 
significant reduction in gel-time and glass transition temperature of the epoxy nanocomposites, 
while a higher initial viscosity and significant shear thinning behavior was found in pre-polymer 
suspensions containing ZrW2O8 with larger particle sizes and aspect ratios. The thermo- and 
dynamic-mechanical properties of epoxy-based nanocomposites improved with increasing 
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loadings of the three types of ZrW2O8 nanoparticles. In addition, the introduced ZrW2O8 
nanoparticles did not negatively affect the dielectric constant or the breakdown strength of the 
epoxy resin, suggesting potential applications of ZrW2O8/epoxy nanocomposites in the 
microelectronic insulation industry. 
2.2 Introduction 
Epoxy resins belong to a subset of thermoset materials that find broad applications in the 
adhesives and construction materials industries. They exhibit excellent adhesion, advantageous 
heat and chemical resistance, superior mechanical properties, and good electrical insulating 
properties. In recent decades, epoxy resins were modified by adding various inorganic fillers to 
improve a variety of polymer properties, and numerous studies showed promising results. For 
example, layered silicate improved the dynamic modulus of epoxy resins [1]; the incorporation 
of carbon nanotubes enhanced the thermal and mechanical properties as well as the electrical 
conductivity of epoxy resins [2, 3]; incorporation of ZnO nanoparticles into epoxy resin achieved 
high-UV shielding efficiency and high-visible light transparency [4]; and epoxy nanocomposites 
filled with silica nanoparticles achieved improved mechanical properties [5]. However, the high 
coefficient of thermal expansion (CTE) of epoxy resins limits their applications, especially in 
fields that demand extraordinary dimensional stability, such as high-performance structural 
materials in aerospace engineering or conformal coatings used in the microelectronics industry. 
The ideal candidates for these applications exhibit a tailored CTE in order to prevent premature 
failure, such as cracking, caused by thermal residual stresses generated at the interface by a CTE 
mismatch of two components. Therefore, various types of inorganic nano-scale reinforcements 
such as silica [6-9], boron nitride nanosheets [10], carbon nanotubes [11, 12], and clays [13] 
were studied to reduce the CTEs of different polymer materials. However, the extent of CTE 
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reduction is constrained by the low but positive CTE values of these filler materials. It is 
assumed that employing a filler with a negative thermal expansion value can provide additional 
reductions in CTE of the polymer composite at lower loadings. 
Zirconium tungstate (ZrW2O8), characterized by a cubic crystal structure and space group 
P213 in the α-phase, exhibits strong and isotropic negative thermal expansion (NTE) behavior 
over a wide temperature range (from 0.3 to 1050 K) [14]. The NTE behavior in zirconium 
tungstate originates from the counter-rotations of WO4 and ZrO6 polyhedra in the crystal 
structure, initiated by the transverse thermal vibration of the shared oxygen atom connecting the 
polyhedral [15]. In recent years, ZrW2O8 has attracted growing research interest for its potential 
use as a filler in composite materials to control thermal expansivity and eliminate residual 
thermal stress. Although several reports revealed that ZrW2O8 can also be incorporated into 
metal and ceramic-based composites [16-19], the majority of matrix materials used are 
polymeric, including epoxy resins [20-22], polyimides [23-25], phenolic resins [26], and cyanate 
esters [27-29]. The CTEs of polyester/ZrW2O8 and epoxy/ZrW2O8 composites with 30 vol.% of 
filler loading were reduced from 94 and 54 ppm/K to 56 and 18 ppm/K, respectively [30]. J. Tani 
et al. [26] found that the CTE of phenolic resin composites decreased from 46 × 10
-6
 to 14 × 10
-6
 
K
-1
 by incorporating up to 52 vol. % of ZrW2O8 filler. Badrinarayanan et al. [27] observed that 
the CTE of bisphenol E cyanate ester (BECy) decreased by 92 % in its glassy phase with 65 
vol.% filler loading. ZrW2O8 exhibited a catalytic effect on the cure behavior of BECy resin [31]. 
Badrinarayanan and Kessler [28] reported a 20 % reduction in the CTE of BECy resin with 10 
vol.% nano-sized ZrW2O8 incorporated to improve filler dispersion and ease of processing. 
Certain surface modifications of nanoparticles are also essential to improve the compatibility of 
oxide fillers with the matrix materials, depending on the type of polymer [32]. For example, 
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when ZrW2O8 was surface-derivatized by 3-aminopropylsiloxy linker molecules, a 22 vol. % 
loading in a polyimide resin led to a 30 % reduction in CTE of the composite [23]. Recent work 
[22] also reported that epoxy resin reinforced by unfunctionalized nanoparticles with hydroxyl 
groups terminated on the surface exhibited better thermal-mechanical properties than epoxy 
containing silane-functionalized nano-ZrW2O8 and amine functional groups. 
However, the effect of the ZrW2O8 nanoparticle morphology on the performance of 
polymer matrix nanocomposites has not yet been studied. In this work, three types of ZrW2O8 
were synthesized under different hydrothermal conditions, resulting in distinctly different 
morphologies and CTE values. The nanoparticles were then characterized and selected to 
reinforce epoxy resins at different loading levels. An in-depth investigation of the influence of 
certain properties (such as particle size, thermal expansivity, and surface area) on the rheological, 
thermo-mechanical, and dielectric properties of epoxy nanocomposites was conducted. 
2.3 Experimental 
2.3.1 Materials 
The chemicals used for the synthesis of ZrW2O8 nanoparticles with different 
morphologies included: zirconium oxynitrate hydrate (ZrO(NO3)2·xH2O), zirconium acetate 
(Zr(C2H3O2)4) solution in dilute acetic acid (Zr 16%), zirconium perchlorate hydrate 
(ZrO(ClO4)2·xH2O), and sodium tungstate Dihydrate (Na2WO4·2H2O). The chemicals were all 
purchased from Sigma-Aldrich (St. Louis, MO). The epoxy resin used in this experiment was 
bisphenol A diglycidyl ether (EPON 828), purchased from Hexion Specialty Chemicals, Inc. The 
curing agent was a fatty polyamide formed by tall-oil fatty acids with triethylenetetramine 
(Versamid 140), purchased from Cognis/BASF (Germany).  
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2.3.2 Synthesis of ZrW2O8 nanoparticles 
During hydrothermal synthesis of ZrW2O8 nanoparticles with varying morphologies the 
experimental conditions were controlled, as described extensively in our previous work [33]. 
Three types of precursor nanoparticles (ZrW2O7(OH)2·2H2O) were obtained under the following 
hydrothermal conditions (using a 125 ml Parr pressure vessel): 0.08 M ZrO(ClO4)2·xH2O and 
0.10 M Na2WO4·2H2O reacted in 7 M HCl at 160 
°
C for 12 h; 0.08 M ZrO(NO3)2·xH2O and 0.10 
M Na2WO4·2H2O reacted in 7 M HCl at 130 
°
C for 12 h; 0.08 M Zr(C2H3O2)4 solution and 0.10 
M Na2WO4·2H2O reacted in 7 M HCl at 130 
°
C for 12 h. After the reactions were completed, 
white precipitates were removed from the vessel and centrifuged 5-6 times with deionized water 
to remove residual acids. After drying in a vacuum oven at 75 
°
C for 24 h, fine white powders of 
ZrW2O7(OH)2·2H2O were obtained by gently grinding with a mortar and pestle. The final 
ZrW2O8 powders were obtained by calcination of the precursor powders at 600 
°
C for 30 min. 
2.3.3 Preparation of ZrW2O8/epoxy nanocomposites 
ZrW2O8/epoxy nanocomposites were processed by blending the non-surface 
functionalized nanoparticles directly into the epoxy resin at a mixing ratio of 70 wt. % EPON 
828 and 30 wt. % Versamid 140 [34] to investigate the thermal and physical properties of 
pristine nanoparticles influence on the performance of epoxy resin. Initially, ZrW2O8 
nanoparticles were ground gently with a mortar and pestle several times to break the fine 
powders apart after they were heated to 150 
°
C for 30 min to remove the residual hydrates 
observed in previous work [33, 35]. Then, the ZrW2O8 nanoparticles were manually mixed with 
the epoxy resin in a silicone rubber mold (20 mm × 20 mm × 3.5 mm) and placed into a 
planetary mixer for high speed mixing and deaeration. Finally, after all air bubbles were 
removed, the mold filled with the uniform nanocomposite suspension was moved to a convection 
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oven and cured at 120 
°
C for 15 h. The rectangular samples were then removed from the mold 
and used for further characterization. 
2.3.4 Characterization 
The morphology of the synthesized ZrW2O8 nanoparticles was characterized using an 
FEI Quanta 250 field emission scanning electron microscope (FE-SEM) at 10.00 kV under high 
vacuum. Ultra-thin film samples with a thickness of ca. 50 nm were sliced using an ultra-
microtome in order to measure the dispersion of nanoparticles in the epoxy resin utilizing a 
JEOL 2100 scanning and transmission electron microscope (STEM) with an accelerating voltage 
of 200 kV. X-ray Diffraction (XRD) patterns of synthesized ZrW2O8 nanoparticles and prepared 
epoxy nanocomposites were obtained by using Scintag powder XRD instrument with Cu-Kα 
radiation (λ=1.5418 Å) at 40 kV/30 mA with scan step of 0.01° scanning from 10° to 40°. The 
effects of loading and nanoparticle morphology on viscosity were characterized using an 
AR2000EX rheometer (TA Instruments). Using parallel plate rheology, the shear rate was 
increased continuously from 0 to 100 s
-1
 at room temperature. The effect of filler loading and 
morphology on the gel point of the epoxy resin was also studied using parallel plate oscillatory 
rheology measurements. The environmental control chamber was equilibrated at a temperature of 
60 
°
C under nitrogen purge. The test mode involved two steps: initially the oscillatory strain was 
set at 5 % until the oscillatory stress reached 1000 Pa; once this point was reached, the 
oscillatory stress was held at 1000 Pa. 
A Q50 thermogravimetric analyzer (TGA) from TA Instruments was employed to 
determine the thermal stability of the epoxy resin and the residual weight of the nano-particulate 
ZrW2O8 at different loading levels. Alumina pans were loaded with approximately 8 mg of bulk 
samples and heated from room temperature (25 
°
C) to 800 
°
C at a rate of 20 
°
C/min under air 
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flow. Analysis of the thermal-mechanical behavior was performed on a Q400 thermo-mechanical 
analyzer (TMA) from TA Instruments. To prepare samples, the ZrW2O8-reinforced epoxy resin 
samples were cut into five cubic specimens (3 mm × 3 mm × 3 mm). The specimens were first 
heated up to 130 
°
C at a rate of 10 
°
C/min to erase the thermal history and the effect of the 
generated γ-phase ZrW2O8 during polymerization of the nanocomposites [27]; subsequently, they 
were cooled to 35 
°
C at a rate of 3 
°
C/min. The CTE values were determined after the second 
heating cycle, up to 125 
°
C at a rate of 3 
°
C/min. The dynamic-mechanical properties of the 
nanocomposites were determined using a Q800 dynamic mechanical analyzer (DMA) from TA 
Instruments. Three more specimens with dimensions of 6 mm × 3 mm × 1 mm were cut and 
tested in three-point bending mode. These specimens were first cooled to -20 
°
C and then heated 
to 200 
°
C at a rate of 3 
°
C/min. Data were collected between -20 to 200 
°
C at an amplitude of 10 
μm and a frequency of 1 Hz.  
The dielectric properties, including relative permittivity, loss factor, and dielectric 
breakdown strength, of the nanocomposites were characterized using a broadband dielectric 
spectrometer from Novocontrol Inc. and a dielectric rigidity instrument from CEAST/Instron at 
room temperature. To determine the dielectric constant, the prepared samples (20 mm × 20 mm 
× 1 mm) were first sputtered with a silver coating in the shape of a 20 mm diameter circle on 
both surfaces of the samples. The sputtering was performed under argon purge on an Edwards 
Pirani coater. The samples were fixed between two disk electrodes before the test was performed 
within a frequency range from 1 to 10
6
 Hz. To characterize the dielectric breakdown strength, the 
bottom side of the samples (20 mm × 20 mm × 0.5 mm) was fully sputtered by silver while ten 
small spots were sputtered on the top side using the same coating instrument. The samples were 
then placed between the probes of a dielectric rigidity instrument, where the upper probe was 
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positioned directly on the sputtered spots. The breakdown voltage for each testing spot was 
measured as the voltage was increased by 0.5 kV/s and the current was maintained at 10 mA. 
2.4 Results and discussion 
   
Figure 2-1 SEM images of three types of ZrW2O8 nanoparticles with different morphologies: (a) 
Type-1 ZrW2O8 nanoparticles, (b) Type-2 ZrW2O8 nanoparticles, (c) Type-3 ZrW2O8 
nanoparticles 
Based on previous work [33], three types of ZrW2O7(OH)2·2H2O nanoparticles with 
distinct morphologies were synthesized under different hydrothermal experimental conditions. 
Figures 2-1 (a) through (c) compare the morphologies of the three types of ZrW2O8 nanoparticles 
calcined from the precursor ZrW2O7(OH)2·2H2O. Several other important properties of the 
nanoparticles characterized in previous work, including the crystallite size, BET surface area, 
and CTE value, are listed in Table 2-1. As highlighted in the Figure 2-1, it is shown that Type-1 
and Type-2 ZrW2O8 exhibited morphologies resembled bundles consisting by 3-5 nano-rods and 
single individual rods, respectively, with larger particle size and higher aspect ratio than Type-3 
ZrW2O8. According to Table 2-1, in addition to lower surface area shared by Type-1 and Type-2 
nanoparticles, both exhibited more negative thermal expansivities in the α-phase than Type-3 
ZrW2O8.  
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Table 2-1 Physical description of three types of ZrW2O8 nanoparticles 
Nanoparticle 
type 
Morphology 
Size scale 
(nm) and 
aspect ratio 
Crystallite 
size (nm) 
Surface 
area 
(m
2
/g) 
CTE value 
(ppm/°C) 
α-phase β-phase 
1 
Large, 
bundle-like 
rods 
L: 900-1400 
W: 80-130 
L/W: ~13 
50 ± 4 9.96 
-11.4 ± 
0.352 
-4.55 ± 
0.341 
2 
Large, 
rectangular 
rods 
L: 600-1200 
W: 70-120 
L/W: ~10 
46 ± 4 13.9 
-11.2 ± 
0.420 
-4.65 ± 
0.283 
3 
Small, 
capsule-like, 
short rods 
L: 100-400 
W: 40-60 
L/W: ~6 
32 ± 5 20.3 
-9.25 ± 
0.243 
-4.94 ± 
0.161 
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Figure 2-2 TEM images of ZrW2O8/epoxy nanocomposites with different types and volume 
fractions of nanoparticles: (a) 10 vol. % Type-1 ZrW2O8, (b) 20 vol. % Type-1 ZrW2O8, (c) 10 
vol. % Type-2 ZrW2O8, (d) 20 vol. % Type-2 ZrW2O8, (e) 10 vol. % Type-3 ZrW2O8, (f) 20 vol. 
% Type-3 ZrW2O8 
Figure 2-2 shows the dispersion of ZrW2O8 nanoparticles with different morphologies 
and loading levels in the cured epoxy resin. The nanoparticles were homogeneously distributed 
in the polymer matrix independent of loading level, which can be attributed to proper mixing 
procedures applied during the preparation of the specimens. It is worthwhile to note that some 
small fragments were observed in the matrix, especially in Figures 2-2(a) and 2-2(c). They can 
be explained by the fact that long nano-rods were more vulnerable to be torn into smaller pieces 
under the high shear stress generated during the high-speed mixing procedure than smaller 
nanoparticles. The white spots and voids seen in the images are the result of filler materials that 
were removed from the resin during sectioning ultra-thin films for TEM characterization, which 
may due to the weak interfacial interaction between the untreated nanoparticles and epoxy resin. 
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Figure 2-3 XRD patterns of ZrW2O8, neat epoxy, and ZrW2O8/epoxy nanocomposites 
The representative powder XRD patterns of Type-1 ZrW2O8 nanoparticles, neat epoxy 
resin and Type-1 ZrW2O8/epoxy nanocomposites at two different volume fractions are given in 
Figure 2-3. The synthesized ZrW2O8 nanoparticles from hydrothermal reaction exhibited no 
measureable impurity such as tungsten oxide [36]. The ZrW2O8/epoxy nanocomposites displayed 
the feature peaks of pure α-ZrW2O8 compared with the amorphous characteristic of neat epoxy. 
Due to the incorporation of nano-fillers in an amorphous matrix, the XRD patterns of 
nanocomposites showed the reduction in overall intensity of (hkl) peaks and the absence of 
several small peaks such as (111), (221) and (310) compared to the XRD of ZrW2O8 
nanopowders. 
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Figure 2-4 Comparison of TGA measurements for ZrW2O8/epoxy nanocomposites 
Figure 2-4 shows a neat epoxy resin which underwent thermal degradation in a 
temperature range from approximately 300 to 650 
°
C. The weight loss of the nanocomposite after 
complete degradation at 800 
°
C was used to determine the filler loading for each specimen. The 
weight residues of the epoxy nanocomposites containing the three types of ZrW2O8 at different 
loadings are summarized in Table 2-2. It can be seen that they were in agreement with the 
calculated weight percent for both 10 vol. % (37 wt. %) and 20 vol. % (54 wt. %). The thermal 
stability of the samples was determined from the onset temperature at which 5 % weight loss was 
observed. No obvious change in the onset temperature between neat epoxy resin and the 
ZrW2O8/epoxy nanocomposites was detected, suggesting that the addition of ZrW2O8 had no 
detrimental effect on the thermal stability of the nanocomposites. 
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Table 2-2 Weight residue and onset thermal-degradation temperature of epoxy resin and 
ZrW2O8/epoxy nanocomposites 
Sample 
Neat 
epoxy 
Type-1 ZrW2O8 Type-2 ZrW2O8 Type-3 ZrW2O8 
10 vol.% 20 vol.% 10 vol.% 20 vol.% 10 vol.% 20 vol.% 
Weight 
percent (%) 
0 37.90 54.30 37.50 54.34 36.3 52.74 
Temperature 
at 5 % 
weight loss 
(°C) 
318.59 323.05 319.87 318.96 320.99 323.11 316.25 
 
 
Figure 2-5 Comparison of viscosity of ZrW2O8/epoxy suspensions 
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The effects of nanoparticle properties and loading levels on the viscosity of the epoxy 
matrix nanocomposites were investigated under shear rates ranging from 1 to 100 s
-1
. Figure 2-5 
shows that the viscosity of the nanocomposites increased with increasing filler loading, which 
indicated intensive interaction between higher numbers of nanoparticles with the epoxy resin. 
Interestingly, the rheological properties of the epoxy suspension were influenced by the 
morphology of incorporated nano-fillers as well. For instance, the epoxy resins contained Type-1 
and Type-2 ZrW2O8 (characterized by larger particle size and aspect ratio) showed the higher 
initial viscosities (approximately 3000 and 5000 Pa·s, respectively), and exhibited a noticeable 
shear thinning behavior, which was a result of the alignment of nano-rods with high aspect ratio 
in epoxy under increment of shear rate.  
 
Figure 2-6 Representation of gel point determination and comparison of gelation time of the neat 
epoxy resin and the ZrW2O8/epoxy nanocomposites 
The gelation is identified as the point at which the storage shear modulus (G′) and the 
loss shear modulus (G′′) intersects, as represented in the inset in Figure 2-6. A comparison of the 
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gelation time of the neat epoxy and the nanocomposites containing different types and loadings 
of nanoparticles shows that the gel time diminished with increasing volume fraction of all three 
types of nanoparticles. As indicated in previous work [37], the reduction in gel time may be 
attributed to two factors: (1) a cross-linking reaction was promoted by the “catalytic effect” 
between the hydroxyl groups terminated on the surface of the nanoparticles and the epoxy resin; 
and (2) ZrW2O8 nanoparticles affect the rheological properties of pre-polymer epoxy suspensions 
by increasing the elastic response of the composites. Type-3 ZrW2O8 characterized by higher 
surface area led to a higher numbers of hydroxyl groups available, which facilitated to “catalytic 
effect” in the network formation of epoxy, and thus further reduces the time for gelation as 
present in Figure 2-6.  
 
Figure 2-7 Comparison of the effect of filler loading levels on thermal strain in ZrW2O8/epoxy 
nanocomposites reinforced with Type-2 nanoparticles 
Type-2 ZrW2O8 nanoparticles were selected to study the effect of filler loading on 
thermal strain in epoxy nanocomposites. Figure 2-7 shows that all specimens exhibited a gradual 
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change in slope of thermal strain vs. temperature curves, which represented the onset of glass 
transition between a glassy and a rubbery region. Furthermore, the magnitude of thermal strain 
gradually decreased as the filler loading increases, which was an obvious consequence of the 
specimens’ lower thermal expansivity caused by the inclusion of the negative CTE ZrW2O8 
nanoparticles. Consequently, ZrW2O8/epoxy nanocomposites improved the dimensional stability 
compared to neat epoxy resin. 
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Figure 2-8 Comparison of the CTE values of neat epoxy resin and ZrW2O8/epoxy 
nanocomposites in the (a) glassy region and (b) rubbery region. The error bars represent standard 
deviations, based on five samples. 
The CTE value of the glassy region was determined by the slope of the linear regression 
between 50 and 70 
°
C, while the CTE value of the rubbery region was measured from the slope 
of the linear regression from 105 to 120 
°
C, based on Equation (2-1).  
0
L dL
L dT
                                                                                                                                 (2-1) 
where L0 is the initial length of the sample and L is the length at temperature T. Figure 2-8(a) 
shows the CTE values of the nanocomposites reinforced by three types of ZrW2O8 nanoparticles 
at two filler-loading levels in the glassy region. The neat epoxy resin had a CTE of 87.8 ± 1.60 
ppm/
°
C. Addition of 10 vol. % ZrW2O8 decreased the CTEs of the nanocomposites by different 
amounts depending on the types of nanoparticles. Specifically, the Type-1, Type-2 and Type-3 
nano-ZrW2O8 reduced CTE of epoxy resin by 18%, 17%, and 11% respectively. At higher 
loading levels (20 vol. %) of nano-fillers the decrease in CTE was more pronounced. Here, with 
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Type-1 nanoparticles the CTE decreased approximately by 29%, with Type-2 nanoparticles it 
decreased by 27%, while a 23 % CTE reduction was achieved with Type-3 nanoparticles. As 
expected, the CTE of the nanocomposites in the rubbery region decreased with increasing 
loadings for all three types of nano-fillers as shown in Figure 2-8(b). Specimens reinforced by 
Type-1 ZrW2O8 exhibits the highest CTE reduction with 29% at a loading level of 20 vol. %, 
followed by specimens reinforced by Type-2 and Type-3 nanoparticles that had CTE reduction 
for 21% and 19%, respectively.  
The differences in CTE reduction for composites containing different types of ZrW2O8 
nanoparticles can be explained by examining the thermal expansivities of the individual 
nanoparticles. As reported in our earlier paper [33], wide angle X-ray scattering experiments 
over a range of temperatures showed that Type-1 and Type-2 ZrW2O8 particles have lower CTE 
values (-11.2 and -11.4 ppm/
°
C, respectively) than Type-3 nanoparticles (-9.3 ppm/
°
C) in the α-
phase (see Table 2-1).  As a result, the Type-1 and Type-2 nanoparticles reduced the CTE in both 
the glassy and rubbery regions greater than composites reinforced with Type-3 nanoparticles at 
equal loading fractions. 
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Figure 2-9 Comparison of dynamic-mechanical properties of ZrW2O8/epoxy nanocomposites 
Nanocomposites containing Type-3 ZrW2O8 nanoparticles were used to examine the 
impact of filler volume fraction on dynamic-mechanical properties. As presented in Figure 2-9, 
the reinforcement of ZrW2O8 nanoparticles is recognized from an increase of dynamic storage 
modulus (E′) in both glassy and rubbery regions upon increasing filler loadings. The effects of 
different types and loadings of nanoparticles on the E′ at 25 °C are compared in Figure 2-10(a). 
Each nanoparticulate-reinforced epoxy resin showed elevated E′ values due to the higher 
Young’s modulus of ZrW2O8 (88.3 GPa) [38]. In addition, the overall enhancement in E′ of 
nanocomposites was nearly equal regardless the types of reinforced nano-ZrW2O8 at identical 
composition. The specimen reinforced by Type-2 nanoparticles exhibited a higher increase by 
59% compared with Type-1 and Type-3 nano-ZrW2O8 contained samples (44% and 41%, 
respectively) at 10 vol. %, the improvement extents were almost equivalent among the epoxy 
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nanocomposites at 20 vol. %. This indicated that the morphology of nanoparticles had no 
considerable influence on the overall reinforcement effect in epoxy matrix.  
 
 
Figure 2-10 Comparison of (a) the storage modulus (E’) at 25 °C; (b) Tg and crosslinking 
density measured from the tan δm peaks of ZrW2O8/epoxy nanocomposites. The error bars 
represent standard deviations based on three samples. 
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Besides the variation of E′, the comparison in loss factor (tan δm) of ZrW2O8/epoxy 
nanocomposites is illustrated in Figure 2-10 as well. The magnitude of tan δm manifests the 
damping effect in polymer chains network, which is determined using Equation (2-2): 
'
"
tan
E
E
m                                                                                                                                 (2-2) 
where E′′ is the dynamic loss modulus. Upon increasing filler loadings, the observed increase in 
height of tan δm relaxation peak can be associated with a decrease in the crosslink density of the 
epoxy resin [39], and the peak position shift to lower temperature can be demonstrated the 
decreasing in glass transition temperatures (Tg). According to previous studies [40, 41], several 
factors may affect the Tg including tacticity and molecular weight of polymer. In this experiment, 
both neat epoxy and ZrW2O8/epoxy nanocomposites were processed under same condition, 
therefore the introduction of plasticizer (nanoparticles) was mainly responsible for influencing 
Tg. Furthermore, during sample preparation, the nano-powders were dried to eliminate any 
moisture effects [42] and the specimens to be characterized were prepared with 1 mm thickness 
rather than as ultrathin polymer films [43]. Therefore, such phenomena can be explained as 
follow: due to the weak interfacial interaction between untreated nanoparticles and epoxy resin, 
the introduced nanoparticles mitigated the entanglement of the molecular chain by inhibition of 
the network formation and enhanced the mobility of the polymer chains in the resin system [44, 
45], decreasing the crosslink density of epoxy [46]. 
As seen in Figure 2-10(b), all three types of nanoparticles facilitated a reduction in Tg as 
filler loading increased. Whereas the nanocomposites reinforced by Type-3 ZrW2O8 showed a 
reduction in Tg by 12.0 °C, the other samples containing Type-1 and Type-2 nanoparticles at 10 
vol. % loading level showed a Tg reduction of just 8.2 °C and 9.4 °C, respectively. Furthermore, 
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the smaller Type-3 particles showed a higher value of tan δm (0.63) than composites from Type-1 
& Type-2 particles, as shown in the inset of Figure 2-10(b) for 10 vol. %. A similar relationship 
between Tg and the maximum value of tan δm was also noticed at 20 vol. %. Based on the 
previous study [47], smaller nanoparticles with higher surface areas were assumed to provide a 
greater disruption to the network or create more interphase with repulsive interfacial interaction, 
both of which were responsible for a pronounced diminishing in crosslinking density and Tg. 
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Figure 2-11 Comparison of (a) dielectric constant and (b) dissipation factor of ZrW2O8/epoxy 
nanocomposites 
The effect of the morphologies and volume fractions of the ZrW2O8 nanoparticles on the 
dielectric constant (ε′) and the dissipation factor (tan δe) of the epoxy composites was also 
characterized. Because the orientation of dipoles in polymer chains is dependent on frequency 
[48], the ε′ of neat epoxy decreased as the frequency changes from 1 to 106 Hz in Figure 2-11(a). 
The incorporated ZrW2O8 nano-fillers steadily increased the relative permittivity over a wide 
frequency range without changing the frequency dependence trend, which was the consequence 
of the higher permittivity of ZrW2O8 (ε′~10 ) [49] and the accumulation of electric charge at the 
extended interfaces between nanoparticles and epoxy resin induced by interfacial polarization 
[50, 51]. At lower loading, no significant difference in ε′ of the nanocomposites was observed for 
all three types of ZrW2O8. Figure 2-11(b) shows tan δe as a function of ZrW2O8 type and loading. 
The dielectric loss tangent is defined as:  
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
                                                                                                                                (2-3) 
where ε′′ is the dielectric loss. Because the dielectric loss of ZrW2O8 is dependent on the 
frequency at room temperature [52], the increasing trend of tan δe for nanocomposites upon 
increasing volume fraction was more significant at low frequency (1~10
3 
Hz) than high 
frequency (10
3
~10
6 
Hz). The slight increase in tan δe with increasing nano-filler could originate 
from the combination of interfacial loss induced by excessive polarized interfaces and 
conduction loss from the presence of charge carriers introduced by ZrW2O8 [48, 53]. However, 
the morphology of nanoparticle did not substantially influence the dielectric properties of the 
nanocomposites.  
 
Figure 2-12 Comparison of the dielectric breakdown voltage of ZrW2O8/epoxy nanocomposites. 
The error bars represent standard deviations based on ten measurements. 
The dielectric breakdown strength represents the capability of an insulator to withstand 
electrical stress before electrical failure occurs. It is measured using electrical breakdown voltage 
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with respect to sample thickness. Figure 2-12 shows that the breakdown strength was not 
deteriorated for any ZrW2O8/epoxy nanocomposite compared to neat epoxy resin (23.46 ± 3.198 
MV/m). However, the error bars determined from the standard deviation based on ten measured 
points were not identical among the tested samples. In order to identify the distribution of 
electrically weak points that are randomly present on identical samples, applying a statistical 
analysis of the measured breakdown strength data of the ZrW2O8/epoxy nanocomposites is 
necessary.  
The cumulative distribution function (CDF) of the dielectric breakdown strength with 
Weibull method was applied to investigate the distribution of dielectric breakdown behavior of 
identical specimens as studied in previous work [54]. The CDF for a two-parameter Weibull 
distribution is determined using Equation (2-4): 
])(exp[1),;( 


E
EF                                                                                                     (2-4) 
where F is the probability of the sample exhibiting electrical failure, E is the measured dielectric 
breakdown strength, and α and β represent the scale and shape of the sample and are obtained by 
least-squares regression. With Yi and Xi given by Equations (2-5) and (2-6), respectively: 
)]},(1ln[ln{ NiFX i                                                                                                           (2-5) 
cmXEY iii  )ln(                                                                                                                 (2-6)   
CDF of the probability of breakdown F(i, N) is estimated by Equation (2-7) 
4.0
3.0
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

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N
i
NiF                                                                                                                     (2-7)   
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where, N is the total number of tested dielectric breakdown voltages and i is the assigned order 
for dielectric strengths, ranking from smallest to largest. The slope (m) and intercept (c) are 
defined as: 





N
i
i
N
i
ii
XX
YYXX
m
2)(
))((
 
 , XmYc                                                                                    (2-8) 
Using Equation (2-9) 
)exp(c , 
m
1
                                                                                                                   (2-9)  
both of the slope and intercept can be obtained.   
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Figure 2-13 Comparisons of (a) the CDF of the measured dielectric strength with linear fitting 
slopes and (b) slope value obtained from the linear fitting of ZrW2O8/epoxy nanocomposites. 
From the Weibull analysis of the breakdown strength shown in Figure 2-13(a), the data 
collected from ten dielectric breakdown strength points for each testing specimen varied between 
19 and 32 MV/m. The linear slope of the CDFs, which is a measure of the variability of 
breakdown strengths, are given in Figure 2-13(a) and compared in Figure 2-13(b). In comparison 
with neat epoxy, Type-1 particulate-reinforced nanocomposites, showed lower variability than 
the other systems including neat epoxy, which was also in good agreement with higher 
permittivity at 20 vol. % loading (Figure 2-11(a)) by existence of less substantial micro-voids. 
On the other hand, the slopes of CDFs were lower and similar to the value of neat epoxy 
regarding the specimen containing 20 vol. % Type-2 ZrW2O8 and 10 vol. % Type-3 
nanoparticles, suggesting the greater disparity among the measured breakdown strengths. Such 
observation was also attributed to the presence of micro-defects and agglomerated nanoparticles 
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in the prepared samples, which was reflected by the large standard deviation of storage modulus 
in these specimens as well (Figure 2-10(a)).  
2.5 Conclusion 
In this work, epoxy-based nanocomposites reinforced by three types of ZrW2O8 
nanoparticles with distinct physical and thermal properties and loading levels of 10 and 20 vol. 
% were successfully prepared. The homogenous dispersion of ZrW2O8 nanoparticles in the 
polymer matrix did not negatively affect the thermal stability of the composite. The viscosity of 
the suspension exhibited a more significant increase when reinforced by the larger nanoparticles 
than with the smaller ones. The gel time of the nanocomposites decreased as ZrW2O8 loading 
increased, indicating a catalytic effect of the nanoparticles on the formation of a cross-linking 
network. Importantly, the greatest reduction in CTEs in the glassy region was found in the 
specimens with 20 vol. % of those ZrW2O8 nanoparticles that exhibited the most negative CTE 
values. At 25 
°
C, all three types of nanoparticles facilitated an overall equivalent enhancement in 
storage modulus of the epoxy with increasing filler loadings. However, the lowering of 
crosslinking density and Tg were attributed to the disruption of fully dense network and 
formation of repulsive interphase by presence of nanoparticles in polymer matrix. With slightly 
increasing nano-filler composition, both dielectric constant and dissipation factor of the 
nanocomposites increased slightly over the frequency range between 1 and 10
6 
Hz due to the 
introduction of interfacial polarization effect between nanoparticles and epoxy matrix under AC 
electric field. Finally, the ZrW2O8 nanoparticles improved dielectric breakdown strength slightly, 
and lowered the variation of breakdown strength according to the Weibull statistical distribution 
analysis. In summary, epoxy reinforced with 20 vol. % Type-1 ZrW2O8/epoxy nanocomposites 
achieved excellent CTE reduction, a pronounced improvement in dynamic mechanical 
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properties, and preserved the advantageous dielectric properties of epoxy resins, making them 
prospective candidates for applications in the microelectronic insulation industry. 
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CHAPTER 3:  MULTIFUCNTIONAL CYANATE ESTER NANOCOMPOSITES 
REINFORCED BY HEXAGONAL BORON NITRIDE AFTER NON-COVALENT 
BIOMIMETIC FUNCTIONALIZATION 
A paper to be submitted to Journal of Materials Chemistry A 
Hongchao Wu
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 and Michael R. Kessler
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3.1 Abstract 
Boron nitride reinforced polymer nanocomposites have attracted growing research 
interest because of their unique properties (thermally conductive but electrically insulating) and 
potential application in the microelectronic industry. However, the chemical functionalization of 
boron nitride remains challenging because of the chemically inertness surface. In this study, 
hexagonal boron nitride (h-BN) nanoparticles were non-covalently treated with polydopamine, a 
versatile protein, in a solvent-free aqueous condition. The strong π-π* interaction between 
hexagonal structural BN and aromatic dopamine molecules facilitated 15 wt. % polydopamine 
encapsulating the nanoparticles. High performance cyanate ester were reinforced with 
homogenously dispersed h-BN at different volume fractions and functionalities to investigate 
their effect on thermo-mechanical, dynamic-mechanical, and dielectric properties as well as 
thermal conductivity. Different theoretical and empirical models were successfully applied to 
predict thermal expansivity, thermal conductivity, and dielectric constant of h-BN/BECy 
nanocomposites. The pristine h-BN/BECy nanocomposites exhibited prospective application in 
                                                          
1
 Graduate student, Department of Materials and Engineering, Iowa State University  
2
 Professor, School of Mechanical and Materials Engineering, Washington State University 
3
 Author for corresponding  
57 
 
microelectronic packaging by showing the increased dimensional stability and storage modulus 
in both glassy and rubbery regions, together with an increase in thermal conductivity without 
deterioration of thermal stability, glassy transition temperature or dielectric properties. In 
addition to its overall excellent performance, polydopamine functionalized h-BN also 
significantly increased the dielectric constant of cyanate ester at lower frequencies, making it a 
potential candidate for applications as structural capacitors in aerospace devices. 
3.2 Introduction 
Polymer composites offer excellent properties that can be tailored to specific applications 
and are relatively easy to process, which has made them prime candidates for a wide range of 
applications, from advanced microelectronic packaging to structural energy devices in aerospace 
engineering. To ensure appropriate service life and reliability of these devices it is necessary to 
control power dissipation and heat fluxes [1], therefore, ideal composite candidates should 
possess rapid heat dissipation, good electrical resistance, and low coefficients of thermal 
expansion (CTE) [2]. Compared with most conventional thermosetting polymers, such as epoxy 
and polyimide, cyanate esters (CE) exhibit outstanding properties, in particular in terms of their 
excellent thermal stability, superior mechanical properties, and attractive low dielectric loss. 
Although various fillers, such as carbon nanotubes [3-7], POSS [8], CaCu3Ti4O12 [9] and BaTiO3 
[10], were investigated to improve the dielectric and mechanical properties of CE, little attention 
has been focused on tailoring CE’s thermal conductivity. 
Boron nitride (BN) is a non-oxide ceramic material with attractive properties, including 
outstanding thermal conductivity, excellent electrical insulation, desirable dielectric properties, 
and promising low thermal expansivity as well as superior thermal stability. In recent decades, 
nano-sized BN, such as BN nanotubes [11-16], BN nanosheets [17-19], and BN nanoparticles 
58 
 
[20] have attracted growing research interest as a filler materials in different polymer matrices. 
Because of its chemical inertness, both covalent [14, 20, 21] and non-covalent [11, 13, 22] routes 
of functionalization of BN were extensively studied to enhance the dispersion and interfacial 
interaction between the filler and matrix prior to processing polymer nanocomposites. However, 
most chemical modifications of BN are very complicated by involving the use of solvents, which 
may cause environmental concerns. Consequently, it is essential to develop an easy and 
environmental friendly route for processing and functionalization of boron nitride.  
In our investigation, the functionalization of hexagonal boron nitride (h-BN) was 
performed using an approach inspired by the adhesive protein polydopamine, found in the 
anchoring mechanisms of mussels. This biomimetic polymer, which is self-polymerized from 
dopamine (2-(3,4-dihydroxyphenyl)ethylamine) molecules, has been widely studied as a 
versatile surface coating to control the surface functionality of materials in both energy and 
medical devices [23, 24] as well as a modification of several nano-materials [25-30]. The 
aromatic structure of polydopamine is believed to form a strong, non-covalent bond with the 
hexagonal structure of BN nanotubes (BNNT) via π-π* and van der Waals interactions [26]. 
Bisphenol E cyanate ester (BECy) was selected as the polymer matrix into which both pristine 
and functionalized h-BN nanoparticles were incorporated to develop advanced multifunctional 
polymer nanocomposites for application in microelectronic packaging and structural energy 
storage devices in the aerospace industry.   
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3.3 Experimental 
3.3.1 Materials 
Hexagonal boron nitride nanoplatelets (99 %) were purchased from Nanostructured & 
Amorphous Materials, Inc. (Houston, TX). To avoid negative effects of residual impurities such 
as metal and metal oxides, on dielectric properties [14], the nanoplatelets were washed with 
prepared 10 % acid solution diluted from 70 % HNO3 (Reagent grade) acquired from Fisher 
Scientific. Dopamine hydrochloride, 2-amino-2-hydroxymethylpropane-1,3-diol (Tris), 
hydrochloride acid (36 % reagent) were obtained from Sigma-Aldrich (St. Louis, MO). The 
BECy resin used in this experiment was EX 1510 Part A and the catalyst was EX 1510 Part B, 
both obtained from TenCate Advanced Composites (Morgan Hill, CA). 
3.3.2 Functionalization of h-BN nanoparticles 
The h-BN nanoparticles were polydopamine-functionalized following the route described  
by Lee et al. [26]. Initially, 0.726 g Tris buffer was dissolved in a flask containing 600 ml 
deionized water. Then, diluted HCl was gradually added to the solution until pH = 8.5 was 
reached. The solution’s color turned grey as 1.2 g of dopamine hydrochloride was dissolved in 
the prepared 600 mL Tris-Cl aqueous solution. Subsequently, 3 g purified h-BN nanoparticles 
were introduced into the solution and sonicated for 3 h to ensure good dispersion. The mixture 
was then vigorously stirred and refluxed at 60 °C for another 72 h to facilitate self-
polymerization of the dopamine molecules around the h-BN nanoplatelets. After the reaction, the 
nanoparticles were filtered through a 0.05 µm filter membrane and washed several times with 
deionized water until the filtered solution became colorless. Finally, the polydopamine-treated h-
BN nanoparticles were dried in a vacuum oven at 80 °C for 24 h. The color of the functionalized 
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h-BN nanoparticles changed from white to dark-brown, indicating that the polydopamine was 
successfully coated onto the nanoplatelets. 
3.3.3 Preparation of h-BN/BECy nanocomposites 
BECy nanocomposites with different loadings of h-BN nanoplatelets were processed via 
the following route: predetermined amounts of pristine or dopamine-treated h-BN nanoparticles 
were preheated at 130 °C and ground into fine powders, and then mixed with Part A of the BECy 
resin in a vial according to the composition in Table 3-1. The suspension were sonicated in a 
water bath for 3 h, followed by adding Part B of the BECy resin in a ratio of 3 parts catalyst per 
100 parts resin. Subsequently, the slurry was prepared by alternating tip sonication with a sonic 
dismembrater and high speed mixing with a planetary mixer to ensure homogenization and 
deaeration. Then, the slurry was gently injected into two stainless molds using a 10 mL syringe, 
avoiding the creation of any bubbles. The h-BN/BECy nanocomposites were first cured at 150 
°C for 2 h in a rotary oven, followed by curing at 180 °C for 2 h, and post-curing at 250 °C for 
another 2 h.  
Table 3-1 Calculated amount of components applied in the processing of h-BN/BECy 
nanocomposites 
h-BN 
nanoparticles (g) 
BECy - Pt. A (g) BECy - Pt. B (g) Filler vol. % Filler wt. % 
0.699 5.723 0.177 5 10.59 
1.475 5.723 0.177 10 20.00 
4.685 11.45 0.354 15 28.42 
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3.3.4 Measurement and characterization 
The morphologies of pristine and dopamine-treated h-BN nanoparticles were 
characterized using a FEI Quanta 2250 field emission scanning electron microscope (FE-SEM) 
at 20.00 kV under high vacuum. Raman spectra were recorded at room temperature in the range 
from 800 to 2000 cm
-1
 on a Renishaw Dispersive Raman Spectrometer with 480 nm solid-state 
laser as the excitation source. A small amount of nanoparticles was finely mortared and then 
deposited onto a glass slide followed by manually pressing to smooth the sample before 
measurement. The morphology of non-covalently functionalized h-BN nanoparticles and the 
dispersion of nanofillers in the BECy matrix were determined using a JEOL 2100 scanning and 
transmission electron microscope (STEM) with accelerating voltage of 200 kV. X-ray diffraction 
(XRD) patterns of h-BN nanoparticles and h-BN/BECy nanocomposites were collected using a 
Rigaku Ultima IV Powder Diffractometer with Cu-Kα at 40 kV/44 mA at scan step of 0.01° from 
10° to 60°. A Q20 thermogravimetric analyzer (TGA) from TA Instruments was employed to 
determine the thermal degradation of dopamine-treated h-BN and the thermal stability of h-
BN/BECy nanocomposites at different h-BN loadings. A platinum pan was loaded with ca. 5 mg 
of sample material and heated from room temperature to 800 °C at a rate of 20 °C/min in air 
flow. The thermal-mechanical properties of h-BN/BECy nanocomposites were studied using a 
Q400 thermo-mechanical analyzer (TMA) from TA Instruments. The prepared cubic specimens 
(3 mm × 3 mm × 3 mm) were first heated up to 300 °C at a rate of 5 °C/min to erase their 
thermal history and then cooled to 30 °C at a rate of 3 °C/min. The thermal strain behavior and 
the CTE of the specimens were obtained from the second heating scan to 300 °C at a rate of 3 
°C/min. Rectangular (15 mm × 5 mm × 1 mm) specimens were heated from 0 °C to 350 °C at a 
rate of 3 °C/min to determine the dynamic-mechanical properties of h-BN/BECy 
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nanocomposites using a Q800 dynamic mechanical analyzer (DMA) from TA Instruments in 
tension mode with an amplitude of 10 µm and a frequency of 1 Hz. The thermal conductivity of 
circular bulk nanocomposites with diameters of 30 mm and thickness of 5 mm was measured on 
a Thermal Constants Analyser (TPS 1500) from ThermTest Inc. at room temperature. The 
dielectric properties of the nanocomposites were characterized using a Novocontrol dielectric 
spectrometer from 1 Hz to 1 MHz at room temperature. Prior to characterization both sides of the 
circular specimens (diameter ~20 mm, thickness ~1 mm) were sputtered with silver in an 
Edwards Pirani coater. To prepare the samples for dielectric breakdown strength measurements, 
the circular specimens were fully sputtered with silver on the bottom surface, while 20 small 
spots were sputtered on the top surface using a mask. The prepared specimens were placed 
between the probes of a dielectric rigidity instrument from CEAST/Instron, where the upper 
probe was precisely positioned on the sputtered spots. The breakdown voltage for each testing 
spot was measured as the voltage was increased by 0.5 kV/s and the current was maintained at 10 
mA. 
3.4 Results and discussion 
A possible mechanism of dopamine functionalization of h-BN nanoparticles is illustrated 
in Figure 3-1. Boron nitride nanoparticles consist of alternating boron and nitrogen atoms 
forming a closed hexagonal structure, which is assumed to interact with the aromatic molecules 
of dopamine through π-π* stacking forces and van der Waals forces among amino moiety [22, 
26, 31]. Subsequently, non-covalently bonded dopamine molecules experience alkaline-induced 
pH-oxidation and further nucleophilic reaction associated with rearrangement to form 5,6-
dihydroxyindole in aqueous solution [23, 24, 32, 33], followed by dopamine self-polymerization 
on the surface of the h-BN nanoparticles.  
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Figure 3-1 Schematic illustration of non-covalent functionalization of BN nanoparticles via 
polydopamine 
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Figure 3-2 SEM images of h-BN nanoparticles: (a) pristine and (b) dopamine-treated 
The morphologies of pristine and dopamine-treated h-BN nanoparticles are compared in 
Figure 3-2. The purified h-BN nanoparticle showed a circular platelet shape with diameters of 
100–200 nm. The surface of the nanoparticles became rough after polydopamine 
functionalization compared with pristine h-BN, indicating that the polydopamine layer was non-
covalently coated onto the nanoparticles.  
 
Figure 3-3 TEM image of dopamine-treated h-BN nanoparticles 
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High-resolution TEM images further confirmed the successful non-covalent 
functionalization of h-BN nanoplatelets by polydopamine. As shown in Figure 3-3, a continuous, 
amorphous, thin layer (ca. 8 nm) was observed on the surface of dopamine-treated h-BN 
nanoplatelets, indicating that the polydopamine encapsulated the nanoparticles via strong π-π* 
and van der Waals interactions. 
 
Figure 3-4 Thermal degradation of pristine and dopamine-treated h-BN nanoparticles 
Figure 3-4 compares the thermal degradation behavior of pristine and functionalzied h-
BN nanoparticles. Pristine h-BN exhibited high thermal stability up to 800 °C without any 
decomposition. On the other hand, the dopamine-treated nanoparticles began to degrade at about 
200 °C and then experienced major weight loss between 250 to 650 °C, which corresponded to 
the decomposition of polydopamine molecules attached to the surface of the h-BN nanoparticles. 
In addition, approx. 15 % polydopamine was non-covalently attached to the h-BN nanoparticles 
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during the surface treatment as revealed by the observed weight loss during the pyrolysis 
procedure.  
 
Figure 3-5 Raman spectra of pristine and dopamine-treated h-BN nanoparticles 
The Raman spetra in Figure 3-5 showed significant differences between pristine and 
functionalized h-BN. Pristine h-BN exhibited a sharp characteristic peak at 1366 cm
-1
, which 
was attributed to the E2g phonon mode [34, 35]. Besides the intrinsic peak of pristine h-BN, 
dopamine functionalized h-BN displayd two broad peaks at 1589 cm
-1
 and 1363 cm
-1
, which 
were attributed to catechol stretching vibration and deformation in the polydopamine structure 
[36, 37]. Because of its overlap with the peak at 1363 cm
-1
, the intensity of h-BN’s intrinsic peak 
at 1366 cm
-1
 was considerably reduced after functionalizaton.  
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Figure 3-6 TEM images of h-BN/BECy nanocomposites with different functionalities and 
loadings: (a) 5 vol. % pristine, (b) 5 vol. % dopamine-treated, (c) 10 vol. % pristine, (d) 10 vol. 
% dopamine-treated, (e) 15 vol. % pristine, (f) 15 vol. % dopamine-treated 
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Figure 3-6 shows the dispersion of h-BN nanoplatelets with different functionalities and 
volume fractions in the BECy matrix after curing. Both pristine and functionalized nanoparticles 
were homogeneously dispersed in the matrix at different loading levels, which was attributed to 
the feasible processing technique used in the experiment. It is worth noting the white scratches 
observed in the images, which were caused by the movement of h-BN nanoplatelets in the matrix 
during the sectioning of ultrathin films for measurement, reflecting the high hardness of the h-
BN nanoplatelets.   
 
Figure 3-7 XRD patterns of h-BN nanoparticles, neat BECy, h-BN/BECy nanocomposites at 
different filler loading 
Figure 3-7 compares XRD patterns of pristine, dopamine-treated h-BN and h-BN/BECy 
nanocomposites at different loadings. Pristine h-BN exhibited a well-crystallized structure, 
showing distinct characteristic peaks, such as the (002), (100) and (004) planes, without 
detection of impurity phases, indicating the high purity of the nanoparticles after the nitric acidic 
purification process. The dopamine-treated h-BN exhibited no major change according to the 
69 
 
XRD patterns. The h-BN/BECy nanocomposites exhibited the characteristics of both the 
amorphous region and the intrinsic crystalline structure of hexagonal BN. Moreover, the XRD 
intensity for h-BN characteristic peaks increased as the polymer matrix incorporated higher 
volume fractions of nanoparticles. 
 
Figure 3-8 Comparison of thermal stability of neat BECy and h-BN/BECy nanocomposites 
TGA measurements were performed to investigate the thermal stability of the h-
BN/BECy nanocomposites. Both neat BECy and h-BN/BECy nanocomposites underwent 
thermal degradation between 450 °C and 700 °C, as illustrated in Figure 3-8, which indicated 
their possible use in high temperature applications. Table 3-2 shows that the incorporation of 
pristine h-BN nanoparticles at any loading level did not affect the degradation temperature, 
which was determined as the temperature of 5 % weight loss of specimens; nonetheless, the 
temperature slightly decreased by 7 °C when dopamine-treated h-BN nanoplatelets were 
incorporated into the BECy system. The influence of the filler loading on the residual weight 
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after the pyrolysis process at 800 °C is also summarized in the Table 3-2. As expected, the 
amount of pristine h-BN nanoparticles incorporated in the samples was in a good agreement with 
the calculated weight percent provided in Table 3-1. Regarding the polydopamine-treated h-BN, 
since 15 wt. % polydopamine was confirmed to encapsulate the nanoparticles, it is not surprising 
to notice a less portion of nanoparticles left after the decomposition of nanocomposites compared 
with calculated values. 
Table 3-2 Onset thermal degradation temperature and residual weight of neat BECy and h-
BN/BECy nanocomposites. The standard deviation was calculated based on four measurements. 
Sample 
Neat 
BECy 
 
Pristine h-BN nanoparticles 
Dopamine-treated h-BN 
nanoparticles 
5 vol. % 10 vol. % 15 vol. % 5 vol. % 10 vol. % 15 vol. % 
Temperature 
at 5 % 
weight loss 
(°C) 
455.29 ± 
2.47 
455.64 ± 
1.02 
454.16 ± 
0.43 
455.62 ± 
0.62 
448.98 ± 
0.156 
448.34 ± 
1.53 
447.50 ± 
0.247 
Residual 
weight (%) 
0 
10.62 ± 
0.017 
19.88 ± 
0.002 
28.19 ± 
0.687 
8.61 ± 
0.004 
16.88 ± 
0.006 
24.11 ± 
0.262 
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Figure 3-9 Thermal strain of h-BN/BECy nanocomposites 
Figure 3-9 compares the thermal strain behavior of h-BN/BECy nanocomposites in the 
temperature range from 30 to 300 °C. As expected, the overall dimensional stability of BECy 
nanocomposites gradually improved with the incorporation of increasing volume fractions of low 
CTE h-BN nanoparticles (-2.7 ppm/°C), indicated by the reduction in the magnitude of the slope 
of the thermal strain vs. temperature curves. Also, BECy and its nanocomposites underwent a 
glass transition as indicated by the change in slope of the curves. Specifically, the onset of the 
glassy transition point was shifted to lower temperatures for the dopamine-treated h-BN/BECy 
nanocomposites, causing a decrease in glass transition temperature (Tg). On the other hand, the 
specimen reinforced by pristine h-BN nanoparticles exhibit no negative influence on Tg 
compared with neat BECy. The influence of nanoparticle fillers on Tg will be discussed in more 
detail in the following section. 
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Figure 3-10 Thermo-mechanical properties of h-BN/BECy nanocomposites: (a) experimental 
CTE values, and (b) prediction models of CTE in the glassy region. The error bars represent 
standard deviations based on four measurements. 
The CTE values of h-BN/BECy nanocomposites in the glassy region were determined 
between 50 and 70 °C based on Equation (3-1) 
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0
L dL
L dT
                                                                                                                                  (3-1) 
where L0 is the initial length of the sample and L is the length at temperature T. Figure 3-10(a) 
compares the CTEs of nanocomposites reinforced with pristine and dopamine-treated h-BN 
nanoparticles at different volume fractions. Compared with neat BECy (64.9 ± 1.01 ppm/°C), the 
h-BN/BECy nanocomposites showed lower CTE values depending on filler loading. However, 
whether the BN nanoparticles were pristine or dopamine-treated did not affect the CTE of the 
respective nanocomposites at any loading level.  
Figure 3-10(b) compares the experimental CTE data of pristine and pristine h-BN 
reinforced nanocomposites with predictions according to different micromechanical models. 
Typically, three models are used to predict the CTE of polymer/filler composites. The rule of 
mixtures is represented by Equation (3-2). 
  fffmc   1                                                                                                             (3-2) 
where, φf  is the volume fraction of filler, αf  is the CTE of the filler, αm is the CTE of the matrix. 
Overall, the rule of mixtures over-predicted the CTEs compared with the experimental values of 
the nanocomposites, indicating the occurrence of interfacial interactions between the filler and 
the matrix in the nanocomposites. Turner’s model was applied to account for the particle-matrix 
interactions, incorporating the bulk modulus of both filler (Kf = 450 GPa) [38] and matrix (Km = 
2.06 GPa) [39] into Equation (3-3). However, it failed to accurately predict the CTE of these 
composites as it is appropriately applied only to unidirectional, fiber-reinforced composites [40].  
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Schapery’s model includes a determination of the upper ( uc ) and lower bound (
l
c ) values for 
the composites, as shown in Equations (3-4) and (3-5) 
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where, ucK  and
l
cK  are determined using Equations (3-6) and (3-7) 
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where Gm and Gf are the shear moduli of the matrix (0.78 GPa) [39] and the filler (112 GPa) 
[38], respectively. The upper bound of Schapery’s model provided a very close approximation of 
the CTE values for h-BN/BECy nanocomposites. In addition, Schapery’s upper limit also 
provided good predictions of the CTE behavior for the BECy matrix reinforced by other 
nanofillers [39, 40].  
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Figure 3-11 Dynamic mechanical properties of h-BN/BECy nanocomposites: (a) storage 
modulus, and (b) tan δm 
The dynamic-mechanical properties of BECy nanocomposites reinforced by h-BN 
nanoparticles are displayed in Figure 3-11. Figure 3-11(a) shows that the reinforcing effect of the 
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nanoparticles is caused by the gradual increase in dynamic storage modulus (E′) in both glassy 
and rubbery regions with increasing loading levels of h-BN particles in the polymer matrix. 
Figure 3-11(b) shows that both the tan δm peak magnitude and position changed with loading 
levels and functionalities of the nanoparticles. Specifically, the height of tan δm peak decreased 
with increasing filler loading, regardless of the type of nanoparticles. This observation was 
explained by a higher cross-linking density caused by the introduced nanoplatelets, which 
occupied some of the free volume within the polymer network. For the nanocomposites 
containing dopamine-treated h-BN, the tan δm peak position shifted to lower temperatures, 
indicating a reduction in Tg. Interestingly, the incorporated pristine h-BN had almost no negative 
effect on Tg, as illustrated in Figure 3-11(b). The influence of filler type and level on Tg is in 
good agreement with the thermal strain behavior discussed in Figure 3-9. 
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Figure 3-12 Comparison of (a) storage modulus at 25 °C, and (b) glass transition temperature of 
h-BN/BECy nanocomposites. The error bars represent standard deviations based on four 
measurements. 
Figure 3-12(a) shows the effect of functionalities and volume fractions of h-BN on E′ of 
BECy at 25 °C. As expected, E′ increased with higher volume fractions of nanofillers contained 
in the polymer matrix. The different functionalities of h-BN had only little influence on E′ at 
equivalent loading levels. For example, while nanocomposites reinforced by both types of h-BN 
at 5 vol. % exhibited the same increase in E′ (27 %), at higher loading levels (10 vol. %) the 
dopamine-treated nanoparticles facilitated a higher increases in E′ than pristine h-BN at (156% 
vs. 120%). The storage modulus reached its highest value of 7.16 GPa for nanocomposites 
reinforced with 15 vol. % pristine h-BN nanoparticles, which doubled the value of neat BECy.  
Figure 3-12(b) compares the Tg determined from the peak position of tan δm. According 
to previous studies, a reduction in Tg was observed in BECy nanocomposites reinforced by 
various nanofillers, such as alumina [41], ZrW2O8 [42], and Fe3O4 coated SiO2 [43]. The 
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principal reason for this reduction is the lack of chemical interfacial reactions between filler 
particles and matrix, preventing the development of a fully cross-linked polymer network. In our 
investigation, pristine nanoparticles had no detrimental influence on the Tg of BECy 
nanocomposites at different volume fractions, which was attributed to the formation of chemical 
bonds between the –NH2 moiety on the surface of the h-BN nanoparticles and the –OCN 
functional group of the cyanate ester [9, 10]. As a result, the introduced nanoparticles facilitated 
the formation of a highly immobile microstructure and increased both crosslinking density and 
Tg. Nonetheless, the polydopamine functionalized h-BN seems to block the interfacial covalent 
interactions with BECy, enhancing the relative mobility of polymer chains and thus decreasing 
Tg. 
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Figure 3-13 Thermal conductivity of h-BN/BECy nanocomposites: (a) experimental values, and 
(b) prediction models of thermal conductivity. The error bars represent standard deviations based 
on three measurements. 
Figure 3-13(a) illustrates the thermal conductivity of h-BN/BECy nanocomposites. The 
high thermal conductivity (600 W/m·K) of the incorporated h-BN nanoparticles facilitated an 
obvious increase in thermal conductivity compared to the neat BECy. The samples containing 15 
vol. % pristine h-BN exhibited the highest thermal conductivity, which was twice that of neat 
polymer (0.27 W/m·K vs. 0.55 W/m·K). It is also worth mentioning that in general, the samples 
containing pristine h-BN exhibited higher thermal conductivities than those containing 
dopamine-treated nanofillers. This was attributed to the fact that the polydopamine encapsulated 
the nanoplatelets and inhibited thermal conduction of the h-BN particles in the polymer matrix; 
in addition, because the polydopamine was non-covalently bonded to the surface of the h-BN 
particles, there was less h-BN present in the nanocomposites at calculated loadings, which was 
confirmed by TGA data. 
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Several theoretical and empirical models have been developed and applied to predict the 
thermal conductivity of polymer nanocomposites. In this study, some typical models were used 
to investigate pristine h-BN/BECy nanocomposites systems. Initially, simple parallel and series 
models were applied, see Equations (3-8) and (3-9) [44]. 
mmffc kkk                                                                                                               (3-8) 
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where, φf  is the volume fraction of the filler, φm is the volume fraction of the matrix, kc, kf and km 
are the thermal conductivity of the composite, filler and matrix, respectively. Figure 3-13(b) 
shows that parallel and series models generally provide upper and lower bounds for the thermal 
conductivity of composites. The Maxwell model was also applied; see Equation (3-10). 
However, the Maxwell model underestimated compared to the measured data, which may have 
been caused by the assumption that the reinforcing filler was of spherical shape [45]. 
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Taking account of the shape, aspect ratio, and packing factor of the nanoparticles, the Lewis-
Nielsen model was modified and derived from the Halpin-Tsai equation given in Equation (3-11) 
[46]: 
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The shape parameter A and the packing factor ϕ were chosen as 3.99 and 0.52 respectively for 
platelet-sized nanoparticles. Compared to the experimental data, the Lewis-Nielsen model 
offered an excellent prediction of the thermal conductivity of h-BN/BECy nanocomposites. 
Previous studies [45, 47, 48] also showed the promising thermal conductivity prediction for other 
composite systems.   
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Figure 3-14 Dielectric properties of h-BN/BECy nanocomposites: (a) experimental dielectric 
constant, (b) prediction models of dielectric constant at 1 Hz, and (c) dissipation factor 
The effects of nanoparticle functionality and volume fraction on dielectric properties of 
h-BN/BECy nanocomposites were examined. Figure 3-14(a) and (b) show that 15 vol. % pristine 
h-BN increased the permittivity (εꞌ) of BECy nanocomposites by only approx. 0.2 without 
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negative effect on the dissipation factor (tan δe) over a wide frequency range, which was 
attributed to the intrinsic dielectric properties of BN. However, dopamine-treated h-BN had a 
significant effect on the dielectric properties of h-BN/BECy nanocomposites; they exhibited an 
overall higher ε′ and tan δe than the specimens containing pristine nanoplatelets at the same 
volume fraction, in particular in the lower frequency range between 1 and 10 Hz. This behavior 
was attributed to an increase in frequency-dependent orientation polarization induced by the 
strong dipole moment created once a sufficient number of amino moieties and catechol groups 
was present in the structure of the polydopamine coating [49]. 
The dielectric constants of the investigated composite materials were predicted using 
both theoretical and empirical models. The two common models employed were the parallel 
(Equation (3-12)) and the series model (Equation (3-13)):  
mmffc                                                                                                         (3-12) 
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where, εc, εf, and εc are the dielectric constants of the composite, filler, and matrix, respectively. 
The Kananu and the Maxwell-Garnett model are given in Equation (3-14) and (3-15) for 
comparison. Among them, the obtained experimental permittivity of h-BN/BECy 
nanocomposites at 1 Hz followed series model well. 
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Figure 3-15 Comparison of dielectric breakdown voltage of h-BN/BECy nanocomposites. The 
error bars represent standard deviations based on twenty measurements. 
The dielectric breakdown strength of a material is an important property for 
microelectronic packaging applications. Figure 3-15 compares the breakdown strength of h-
BN/BECy nanocomposites. It can be seen that reinforced h-BN nanoplatelets slightly improved 
the breakdown strength of the polymer matrix (16.94 ± 1.48 MV/m) with increasing volume 
fraction of nanoparticles, which was attributed to the higher intrinsic breakdown strength of the 
h-BN nanofillers (35 MV/m). The functionality of nanofillers had no significant effect on the 
breakdown strength of the nanocomposites. 
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3.5 Conclusion 
In this work, a novel biomimetic functionalization approach was used to enhance the 
chemical reactivity of h-BN nanoparticles in aqueous solution. Strong π-π* and van der Waals 
interactions facilitated the non-covalent encapsulation of nanoparticles by polydopamine, as 
confirmed by different characterization techniques such as SEM, TEM, TGA, and Raman 
spectroscopy. The h-BN/BECy nanocomposites with different filler loadings and homogeneous 
dispersion were investigated to determine the effect of volume fraction and functionalities of 
nanofillers on different nanocomposite properties. The thermal stability of neat BECy was not 
compromised with the incorporation of h-BN nanoplatelets at different loading levels. Because 
of their low CTE and superior storage modulus, the incorporated h-BN nanoparticles increased 
the dimensional stability and had a reinforcing effect on the h-BN/BECy nanocomposites, 
regardless of their functionality. Even though the dopamine-treated h-BN nanoperticles reduced 
the Tg of composite because of the lower chemical reactivity between the catechol moiety and 
the functional cyanate ester group, the pristine h-BN nanoparticles had nearly no detrimental 
effect on either cross-linking density or Tg. Incorporation of 15 vol. % pristine nanoparticles 
caused the most pronouced improvement in thermal conductivity of h-BN/BECy 
nanocomposites. In addition, it was possible to tailor the dielectric properties of h-BN/BECy 
nanocomposites by changing the functionalities of the nanoparticles. In summary, the h-
BN/BECy nanocomposites exhibited promising improvement in both thermo-mechanical and 
dynamic-mechanical properties, desirable enhancement in thermal conductivity, and controllable 
dielectric properties, indicating potential applications in microelectronic packaging and as 
structural capacitors for aerospace devices.  
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CHAPTER 4: ASPHALTENE: STRUCTURAL CHARACTERIZATION, MOLECULAR 
FUNCTIONALIZATION, AND APPLICATION AS LOW-COST FILLERS IN EPOXY 
COMPOSITES 
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4.1 Abstract 
Asphaltene obtained by extraction from asphalt was investigated by different analytical 
techniques in order to characterize its composition, molecular structure and morphology. Then, 
the asphaltene molecules were successfully functionalized by 3-
glycidyloxypropyltrimethoxysilane and 3-aminopropyltriethoxysilane as confirmed by 
thermogravimetric analysis, X-ray photoelectron spectroscopy, and Fourier transforms infrared 
spectroscopy. Finally, asphaltene/epoxy composites at four different loading levels were 
prepared and their thermo-mechanical properties were examined. The thermal analysis results 
indicated that asphaltene as novel reinforcing filler in epoxy resin caused a significant increase in 
storage modulus of both glassy and rubbery regions, slightly increased the glass transition 
temperature without negatively affecting thermal stability, and reduced the overall cost of the 
material. 
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4.2 Introduction 
Asphaltenes is one of hydrocarbons components in crude oil along with paraffins, resins, 
aromatics and napthenes [1]. They can be identified as polynuclear aromatics with significant 
molecular mass, aromaticity, and heteroatom content. It is well understood that flocculation and 
self-aggregation of asphaltene molecules may result in the formation of coke-like precursors that 
are responsible for plugging well bores and flow lines, blocking transfer pipelines [2], and 
deactivating catalytic reactions during upgrading and refining processes [3]. A variety of 
molecular interactions contributing to the aggregation of asphaltene molecules and to the 
formation of colloidal particles in crude oil include hydrogen bond forces, aromatic π-π* 
stacking forces [4, 5], polarity induction forces [6], and electrostatic attractions between the 
molecules [7, 8]. Although this certainly part of the effort, more attention has been paid to learn 
about the factors that influence the stability of asphaltenes – which has as much to do with its 
composition and molecular structure as with the crude oil in which it is contained. A complete 
molecular analysis of asphaltene has not yet been achieved because of its strong tendency to 
agglomerate and the variation in molecular structures depended on the its origin, but it is 
generally acknowledged that asphaltene molecules consist of fused poly-condensed aromatic and 
naphtenic unit cores that surrounded by alicyclic and aliphatic side chain substituents with 
heteroatoms such as nitrogen, sulfur, and oxygen, and traces of metal elements [9].  
Epoxy matrix composites have attracted a wide range of research interest in recent years 
because of their potential applications in various fields, such as in aerospace engineering and in 
the automotive and packaging industries. In recent decades, the incorporation of various kinds of 
fillers into epoxies was investigated to improve specific properties. For instance, nanoclay fillers 
in epoxy resin were studied to improve mechanical properties [10, 11]; dielectric properties of 
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epoxy composites were enhanced by the introduction of BaTiO3 particles into the matrix [12]; 
thermal conductivity of epoxy resin was increased by reinforcement with boron nitride 
nanoplatelets [13]; and the thermal expansion behavior of epoxy resin was tailored by adding 
ZrW2O8 nanoparticles [14]. However, high cost for both materials and processing techniques still 
restrain the industrial scale-up of epoxy matrix composites and motivate investigations of low-
cost fillers for composite applications.  
Asphaltene, which is obtained from the abundant by-product of the petroleum industry, is 
reported as a potential source of pure carbon microspheres [15] and fibers [16]. Asphaltene also 
provides stiffness and mechanical strength to bitumen by holding the overall structure [17]. Its 
rigid molecular characteristic makes asphaltene a potential candidate as value-added, reinforcing 
filler in polymer composites. Due to the surface chemistry of filler is critical for the performance 
of polymer composites, appropriate surface treatments, such as coupling agents [18-20], 
surfactants [21, 22], and functionalized polymers [23], were studied to facilitate enhanced 
compatibility and strong interfacial bonding between filler and polymer matrix. In this work, 
asphaltene is extracted from asphalt and undergoes further molecular modification through two 
different silane-coupling agents to facilitate the preparation of low-cost asphaltene/epoxy resin 
composites. 
4.3 Experimental 
4.3.1 Materials 
The asphalt used as the raw material for the isolation of asphaltene was identified as 
AAB-1 according to the Strategic Highway Research Program’s Materials Reference Library 
(MRL) [24]. n-heptane, toluene (reagent), and HPLC tetrahydrofuran (THF) were purchased 
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from Fisher Scientific and used as received. Two silane coupling agents, 3-
glycidyloxypropyltrimethoxysilane 99% (GPTMS) and 3-aminopropyltriethoxysilane 98% 
(APTES) were obtained from Sigma-Aldrich. Bisphenol A diglycidyl ether (with the trade name 
of EPON 828) was purchased from Hexion Specialty Chemicals, Inc. The curing agent 
(Versamid 140) was purchased from Cognis/BASF.  
4.3.2 Extraction of asphaltene 
Asphaltene was separated from the asphalt using a SARA (saturates-aromatics-resins-
asphaltenes) fractionation strategy reported by S. Chiaberge et al. [9]. Firstly, hot toluene was 
gently stirred with asphalt (volume/mass ratio = 5:1) for 1 h at 60 °C. The solution was then 
filtered through a 0.45 μm filter membrane to separate the filtrate and undissolved components. 
Afterward, toluene was removed using a rotary vaporator and the toluene-free asphalt was 
further mixed with n-heptane at a volume/mass ratio of 40:1 to precipitate the asphaltene. The 
mixture was stirred for 4 h at 80 °C and left in a dark cabinet overnight for full precipitation. 
Subsequently, the mixture was filtered with a 0.45 μm filter membrane to collect the non-
filterable substances (asphaltene). To fully remove the waxy substances, the filtered material was 
further washed using boiled n-heptane in a Soxhlet apparatus for 24 h until the filtrate solution 
became colorless. The acquired dark-brown solid asphaltene was finally dried in a vacuum oven 
at 70 °C overnight to evaporate any residual solvent.  
4.3.3 Molecular modification of asphaltene 
In order to perform the molecular functionalization, 0.5 g of prepared pristine asphaltene 
powder was dissolved in 100 ml tetrahydrofuran (THF) as the reaction medium and 1 ml of 
APTES or GPTMS were added under stirring at 65 °C for 24 h. After evaporation of THF, the 
obtained silane-treated asphaltene was further washed with excess ethanol to remove the 
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unreacted silanes and then placed in a vacuum oven at 80 °C overnight to eliminate solvent 
residue in the samples. 
4.3.4 Preparation of asphaltene/epoxy composites 
The asphaltene/epoxy composites were prepared via the following route: Firstly, 
asphaltene was fully dissolved in THF at a concentration of 0.5 g/ml, followed by mixing with a 
calculated amount of epoxy pre-polymer in THF solvent for 4 h at 70 °C to facilitate molecular 
interaction between filler and matrix through aromatic π-π* stacking and the formation of 
chemical bonds between functional groups. After evaporation of THF from the mixture in a 
vacuum oven, the curing agent (Versamid 140) was introduced and mixed with the suspension 
containing epoxy pre-polymer and asphaltene at a high shearing rate in a planetary mixer. 
Subsequently, the slurry was poured into a silicone rubber mold (20 mm × 20 mm × 3.5 mm) 
and degassed for 30 min in a vacuum oven. Finally, the black, homogeneous, and bubble-free 
composites were moved to a convection oven and cured at 75 °C for 16 h followed by post-
curing at 140 °C for 2 h. 
4.3.5 Measurement and Characterization  
Elemental analysis was performed on a Perkin Elmer 2100 Series II CHN/S analyzer. 
Each asphaltene sample was run four times to determine an average value of the weight percent 
for different elements. Fourier Transform Infrared Spectroscopy (FT-IR) was carried out on an 
IRAffinity-1 Fourier Transform Infrared Spectrophotometer from Shimadzu. The asphaltene 
powder was finely ground with KBr powder and pressed into circular pellets for measurement. 
All the absorption spectra were acquired from 500 to 4000 cm
-1
 with 48 scans and a resolution of 
4 cm
-1
, and a baseline-correction was performed prior to the analysis. Raman spectra were 
recorded at room temperature in a range from 1000 to 2000 cm
-1
 on a Renishaw Dispersive 
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Raman Spectrometer with a 480 nm solid-state laser as the excitation source. A small amount of 
asphaltene powder was finely mortared and then deposited onto a glass slide, followed by 
manually pressing to smooth the sample prior to the measurement. X-ray photoelectron 
spectroscopy (XPS) analysis was conducted on a PHI55000 XPS with an Al Kα source (1486.6 
eV). Specifically, the survey spectra were collected from 0 to 1100 eV with a pass energy of 
187.85 eV and a step size of 0.8 eV; high-resolution spectra for specific elements were acquired 
with a pass energy of 58.70 eV and a step size of 0.25 eV. The morphology of asphaltene powder 
was characterized using a FEI Quanta 250 field emission scanning electron microscope (SEM) at 
10.00 kV under high vacuum. A small amount of asphaltene powder was ultrasonicated in 
acetone for 2-3 h prior to SEM measurements. A Q50 thermogravimetric analyzer (TGA) from 
TA Instruments was employed to study the thermal degradation behavior of untreated and 
functionalized asphaltene, and to determine the thermal stability of asphaltene/epoxy composites 
from room temperature to 800 °C at a heating rate of 20 °C/min in air and nitrogen atmospheres, 
respectively. Dynamic mechanical properties of the asphaltene/epoxy composites were measured 
using a Q800 dynamic mechanical analyzer (DMA) from TA Instruments. Four specimens with 
dimensions of 6 mm × 3 mm × 1 mm were cut and tested in three-point bending mode at an 
amplitude of 10 μm and a frequency of 1 Hz. Data were acquired from –20 to 200 °C at a rate of 
5 °C/min.  
4.4 Results and Discussion 
4.4.1 Characterization of pristine asphaltene 
Table 4-1 shows the results of the elemental analysis performed; it provides the weight 
percentages of C, H, N, S, and O in pristine asphaltene. The table shows that carbon is the major 
element of composition in asphaltene together with smaller amounts of hydrogen and other 
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heteroatoms (N, S, and O). In addition, the ratio of H to C (~1.1) indicated highly aromaticity of 
the asphaltene molecules [12]. The relative total heteroatoms/carbon ratio [(N+S+O)/C] was 
similar to that found in a previous study [25]. 
Table 4-1 Elemental analysis of asphaltene 
C (%) 84.245 ± 0.208 
H (%) 7.682 ± 0.142 
N (%) 1.395 ± 0.034 
S (%) 5.690 ± 0.164 
O* (%) 0.988 ± 0.121 
H/C 1.094308 
(N+S+O)/C 0.048313 
* Oxygen content was determined from the weight balance 
 
Figure 4-1 Main absorbance peaks in FTIR spectra of asphaltene 
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The obtained FT-IR absorption spectrum of extracted asphaltene is shown in Figure 4-1, 
which exhibited similar characteristic peaks as seen in previous studies [9, 25, 26]. Based on its 
complicated molecular structure, the featured peaks could be categorized into three sections: 
aromatic, aliphatic, and polar functionalities [25]. Specifically, for the aromatic moeity, the 
detected adsorption bands at 750, 808, and 866 cm
-1
 corresponded to the out-of-plane C-H 
bending in 1,2-disubstituted aromatic, 1,4-substituted aromatic, and 1,3-disubstituted aromatic, 
respectively; C=C stretching vibration in the aromatic structure was assigned at 1602 cm
-1
. For 
the aliphatic characteristic, C-H stretching vibrations of CH2 and CH3 were assigned at 2922 and 
2852 cm
-1
, while the peaks at 1458 and 1375 cm
-1
 represented the C-H bending vibration of CH2 
and CH3. For polar functionalities, stretching vibrations of –OH and/or –NH appeared at around 
3458 cm
-1
; and stretching vibrations of S=O in sulfoxides was observed at 1031 cm
-1
.  
 
Figure 4-2 Deconvolution of experimental Raman spectra of asphaltene 
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Raman spectroscopy was used to study the molecular bond vibrations caused by intra- 
and intermolecular interactions of asphaltene [27]. Figure 4-2 shows that the Raman spectra of 
asphaltene exhibited two distinct bands at around 1580 cm
-1
 and 1350 cm
-1
, which corresponded 
to G and D1 bands, respectively [28]. The sharper G peak in comparison to the broader D1 peak 
indicated the existence of a short-range order of the aromatic sheet of asphaltene [27, 28]. In this 
study, the summation of four peaks (1350, 1500, 1580, and 1620 cm
-1
) was used to fit the 
Lorentzian function with Origin 9 software following previous research [28]; it proved to be an 
excellent match for the experimental spectra as exhibited in Figure 4-2. Most importantly, the 
size of the aromatic core structure (La) could be determined based on Equation (4-1) proposed by 
Tuinstra and Koenig [29]: 
1
4.4
D
G
a
I
I
L                                                                                                                                (4-1) 
where, IG and ID1 are the integrated peak intensities of the G and D1 bands after curve fitting. To 
obtain statistically relevant data and to examine the reproducibility of the measurement, spectra 
were collected from five random locations on the flat surface of each prepared sample. Table 4-2 
lists the deconvolution data and the calculated value for La of the asphaltenes determined at the 
chosen locations. It was found that the actual peak positions were at approx. 1349, 1497, 1569 
and 1601 cm
-1
. In addition, the value of La was calculated as 1.74 nm, which suggested that 
approx. 6 to 7 aromatic rings were fused together during the formation of the poly-aromatic core 
of the asphaltene molecules. 
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Table 4-2 Summary of Raman spectra analysis of asphaltene 
Band Band position (cm
-1
) FWHM (cm
-1
) La (nm) 
Numbers of 
aromatic rings 
D1 1349.028 ± 2.270 175.201 ± 11.907 
1.74 ± 0.097 6~7 
D3 1497.022 ± 11.904 161.033 ± 47.903 
G 1569.117 ± 4.496 74.918 ± 3.901 
D2 1600.966 ± 2.669 54.773 ± 4.983 
 
  
  
Figure 4-3 High-resolution XPS spectra with fitting of (a) C 1s, (b) O 1s, (c) N 1s, and (d) S 2p 
in asphaltene samples 
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The result of XPS measurements indicated that asphaltene is comprised primarily of 
carbon atoms (93.75%) and a minor amount of heteroatoms (3.03% oxygen, 1.38% nitrogen, and 
1.84% sulfur) as shown in Table 4-3, which is in good agreement with the result of our elemental 
analysis. The bonding types of each atom in asphaltene were investigated by curve-fitting of 
individual high-resolution XPS spectra. Figure 4-3 displays the high-resolution spectra for 
different atoms along with their fittings by deconvolution performed with CasaXPS software 
using a Gaussian-Lorentzian hybrid function. Regarding the C 1s peak, three peaks were chosen 
for fitting at approx. 284 eV, 287 eV, and 289 eV, which are attributed to carbon in aliphatic or 
aromatic bonds (C-C), carbon in ketone or aldehyde bonds (C=O), and carbon in carboxyl bonds 
(O=C-O), respectively [30, 31]. Two peak fittings were performed for the O 1s peak, whose 
positions were at approx. 531 eV and 533 eV; the former peak corresponds to the oxygen in C=O 
bonds and the latter is assigned to oxygen in C-O bonds [32]. By deconvolution of the N 1s peak, 
the selected peaks were assigned to nitrogen with pyridinic (ca. 398 eV) and pyrolic 
characteristics (ca. 400 eV) [33]. Finally, the S 2p peak was deconvoluted by using two peak 
fittings at approx. 164 eV and 165 eV, which reflects thiophenic and sulfite characteristics, 
respectively [34]. The relative contents of each atom in different bonds can be estimated from the 
area under the sub-peaks. The detailed deconvolution data of each high-resolution peak are 
summarized in Table 4-3. It is observed that the carbon atoms existed predominately in the form 
of aliphatic or aromatic bonds. Also, nearly one third of oxygen atoms were in ketone or 
aldehyde bonds, which compares to the values reported for Lungu asphaltene [35]. Most of the 
nitrogen atoms (78.62%) were pyrrolic bonding structures, which is in agreement with other 
studies on different asphaltene samples [36]. 
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Table 4-3 Deconvoluted peak data of high-resolution spectra of elements in asphaltene 
 Atomic 
concentration 
(%) 
Position 
(eV) 
FWHM 
(eV) 
Area %Area 
Bond 
assignments 
C 1s 93.75 
284.84 2.01 81619 96.86 C-C 
287.52 2.5 1675 1.99 C=O 
289.31 2.21 883 1.05 O=C-O 
O 1s 3.03 
531.16 2.46 1228 32.26 C=O 
533.27 2.80 2578 67.74 C-O 
N 1s 1.38 
397.9 2.34 376 21.38 Pyridinic-N 
399.89 2.68 1383 78.62 Pyrrolic-N 
S 2p 1.84 
164.03 2.46 3251.0 89.34 Thiophenic-S 
165.55 2.00 388.0 10.66 
Sulfite or 
sulfonyl 
 
  
Figure 4-4 SEM images of asphaltene particles at (a) 20,000 × (b) 40,000 × 
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Figure 4-4 depicts the morphology of asphaltene. The platelet-like asphaltene particles 
was in the hundreds of nanometers and they exhibited a stacked agglomeration caused by the 
strong self-aggregation propensity of the asphaltene molecules. A similar asphaltene morphology 
was also observed by F. Trejo et al. [37].  
4.4.2 Characterization of functionalized asphaltene 
 
Figure 4-5 Comparison of thermal degradation of pristine and functionalized asphaltene under 
air gas 
The thermal stability of pristine and silane-modified asphaltene was examined by TGA. 
As shown in Figure 4-5, the pyrolysis of pristine asphaltene shows similar thermal degradation 
behavior as asphaltenes examined in previous works [30, 31]. Pristine asphaltene exhibited 
degradation at 300 °C, followed by a significant weight loss between 450 °C and 550 °C, where 
the maximum weight loss was observed at 503 °C, as indicated by the sharp peak in the 
differential thermal analysis (DTA) curve in Figure 4-5. The two silane-treated asphaltene 
exhibited similar thermal degradation behavior as the pristine asphaltene molecules; however, 
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they exhibited an additional noticeable weight reduction at approx. 340 °C, as seen in the DTA 
curves, which was attributed to the decomposition of the silane coupling agents. Finally, 4.359 
wt. % and 4.139 wt. % residual silica were left in the two silane modified asphaltenes after the 
pyrolysis process. 
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Figure 4-6 (a) XPS survey spectra and (b) atomic concentration comparison of pristine and 
functionalized asphaltene 
Figure 4-6(a) displays the XPS survey spectra of pristine and functionalized asphaltene. 
As expected, the spectra of both APTES- and GPTMS-treated asphaltene indicated silicon 
content. The changes in the relative portions of the different elements are quantified in Figure 4-
6(b). Here it is seen that in addition to the increase in Si concentration by 2.75% and 2.45% for 
GPTMS- and APTES-treated asphaltene, the oxygen content also doubled in both silane-treated 
samples as the result of the introducing with extra oxygen atoms in the silane coupling agents 
during asphaltene molecular functionalization. In addition, APTES-treated asphaltene also 
displayed a higher nitrogen atomic concentration because amine functional groups (-NH2) were 
successfully grafted onto the asphaltene molecules. Finally, the relative carbon content was 
reduced after the functionalization because the total number of heteroatoms (N%+O%+S%) 
increased in addition to the presence of Si. 
 
Figure 4-7 FT-IR spectra of pristine, APTES- and GPTMS-treated asphaltene 
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FT-IR was performed to compare pristine and functionalized asphaltene to further verify 
the silanation reaction between pristine asphaltene and APTES/GPTMS functionalized samples. 
As shown in Figure 4-7, although the two silane-treated asphaltenes largely preserved the main 
characteristic peaks of the pristine samples in the FT-IR spectra, they exhibited several additional 
peaks. Specifically, both APTES and GPTMS modified asphaltene displayed new peaks at 1095 
and 1031 cm
-1
, which can be assigned to poly(dimethylsiloxane) [(CH3)2SiO]x [32, 33]. 
Furthermore, the peak intensity between 865 to 750 cm
-1
 was higher than for pristine asphaltene, 
which was not caused by the changes in out-of-plane C-H bending in aromatic rings of the 
asphaltene, but by the presence of Si-CH3 bonds in the polysiloxanes (approx. 1260, 865-750 cm
-
1
) [32, 33] after molecular functionalization. 
4.4.3 Characterization of asphaltene/epoxy composites 
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Figure 4-8 (a) Storage modulus (E’) and (b) tan δ of epoxy composites reinforced by GPTMS-
treated asphaltene at different loadings 
In Figure 4-8(a), Asphaltene provided reinforcement effect by gradually improving the 
storage modulus (E′) of neat epoxy as incorporation by higher loading of asphaltene over the 
measuring temperature range. Figure 4-8(b) demonstrates the tan δ curve of epoxy composites 
reinforced with various loadings of asphaltene. Interestingly, no obvious change in either peak 
magnitude or peak position of tan δ was observed, suggesting that the incorporated asphaltene 
molecules exhibit good compatibility with the epoxy matrix during curing without exerting 
detrimental effects on crosslink density or glass transition temperature (Tg) of epoxy resin.  
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Figure 4-9 Comparison of (a) storage modulus (E’) at 25 °C and (b) Tg of asphaltene/epoxy 
composites. The error bar represents the standard deviation determined from four tested samples. 
Figure 4-9(a) compares the E′ of epoxy resin composites reinforced by untreated and 
functionalized asphaltene. Generally, the storage modulus of both epoxy composites enhanced 
independent of the types of asphaltene or functionalization with increasing loading levels. 
108 
 
However, the composites containing functionalized asphaltene (both GPTMS and APTES) 
exhibited overall higher E′ values than those reinforced with pristine asphaltene. Specifically, the 
improvement of E’ in APTES-treated asphaltene contained epoxy system is higher than the ones 
incorporated with pristine filler (36% vs. 22%) at 3 wt. % loading; while, the highest 
enhancement (ca. 40%) is achieved by incorporated with GPTMS-treated filler at 5 wt. % 
compared with 28% increment of E’ in pristine asphaltene/epoxy composites. This result 
suggests that molecular functionalization of asphaltene facilitated the formation of strong 
chemical bonds, intensifying the interfacial interactions between filler and matrix by formation 
of more rigid microstructures in the epoxy matrix for further reinforcement. Figure 4-9(b) also 
shows a slight increase in Tg for all epoxy composites compared to neat epoxy (141.6 °C). 
However, the increase in Tg did not show a strong correlation to the functionalization or loadings 
of asphaltene.  
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Figure 4-10 Thermal degradation of (a) pristine, (b) APTES-treated, (c) GPTMS-treated 
asphaltene reinforced epoxy composites at different loadings under nitrogen gas. 
Figure 4-10 shows the thermal degradation behavior of asphaltene/epoxy composites in 
nitrogen atmosphere. The residual weight of neat epoxy was 4.016% and this value was used to 
calculate the filler loading by examining the difference in residual weight between epoxy resin 
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and its composites. The experimental residual weights at different loading levels were close to 
the calculated values, indicating that the correct amounts of filler were incorporated during the 
processing of the composites. Both neat epoxy and asphaltene/epoxy composites exhibited 
similar thermal degradation behavior, starting at approx. 300 °C. The thermal stability of the 
samples was determined by the temperature at 5% and 10% weight loss. As seen in Table 4-4, 
the incorporation of asphaltene had no deteriorating effect on the thermal stability of the epoxy 
resin, indicating the potential suitability of asphaltene/epoxy composites for applications at high 
temperatures. 
Table 4-4 Thermal degradation temperatures of asphaltene/epoxy composites at 5% and 10% 
weight loss. The standard deviation was determined from four tested samples. 
Sample 
Temperature at weight loss (°C) 
5 wt. % 10 wt. % 
Neat epoxy 345.56 ± 4.01 361.14 ± 2.47 
0.5 wt. % 
Asphaltene 
Pristine 348.83 ± 2.50 362.51 ± 0.98 
APTES-treated 350.54 ± 2.04 363.64 ± 1.11 
GPTMS-treated 349.36 ± 2.38 362.34 ± 1.69 
1 wt. % Asphaltene 
Pristine 353.58 ± 2.40 370.59 ± 1.25 
AP TES-treated 350.37 ± 1.12 363.605 ± 0.66 
GPTMS-treated 351.34 ± 1.54 363.31 ± 1.36 
3 wt. % Asphaltene 
Pristine 362.54 ± 0.67 374.10 ± 0.61 
APTES-treated 347.62 ± 0.65 361.96 ± 1.01 
GPTMS-treated 352.22 ± 2.144 364.48 ± 1.80 
5 wt. % Asphaltene Pristine 347.68 ± 1.42 360.86 ± 1.17 
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Table 4-5 continued 
 
APTES-treated 350.90 ± 2.04 362.14 ± 1.79 
GPTMS-treated 350.70 ± 2.11 362.74 ± 1.21 
 
4.5 Conclusion 
In this work, asphaltene was extracted from asphalt via a SARA route. Characterization 
of the asphaltene showed that it was comprised of 6 to 7 benzene rings fused within a 
polyaromatic structure and that it had a morphology resembling highly stacked, platelet-like 
aggregations. Molecular functionalization of asphaltene with GPTMS and APTES silane 
coupling agents was performed and confirmed by XPS, TGA and FTIR analysis. 
Asphaltene/epoxy composites with four different loading levels were successfully prepared and 
their thermo-mechanical properties characterized. The reinforcing effect of asphaltene in the 
polymer matrix was recognized by the gradual increase in storage modulus of the epoxy 
composites with increasing filler level. Incorporation of functionalized asphaltenes into the 
composites resulted in a more pronounced increase in storage modulus attributing to the 
enhanced interfacial interaction with epoxy resin. In addition, the reinforced asphaltene also 
slightly increased the glass transition temperature without detrimentally affecting the thermal 
stability of the epoxy resin. In conclusion, the improvement of thermo-mechanical properties, the 
potential abundant reserves of the resources, and most importantly, the promising low cost make 
asphaltene an ideal filler material for scale-up efforts in the polymer composites industry. 
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CHAPTER 5: HIGH PERFORMANCE AND LOW-COST HYBRID COMPOSITES FROM 
ASPHALTENE/SBS TRI-BLOCK COPOLYMER 
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5.1 Abstract 
Asphaltene extracted from raw asphalt is studied as a new potential novel low-cost filler 
material in the poly(styrene-butadiene-styrene) copolymer for the fabrication of hybrid 
composites at different loadings using melt-compounding. The composition, functional groups 
and morphology of asphaltene have been initially characterized with different techniques. The 
incorporation of asphaltene particles with highly aromatic structural characteristics improved the 
thermo-mechanical properties of the copolymer matrix by increasing the thermal stability, 
enhancing the storage modulus in the glassy region by 19% and in the rubbery region by 305%. 
The overall mechanical properties also improved substantially by incorporation of asphaltene 
into the SBS matrix: the tensile strength increased by 2.2 MPa, the maximum elongation by 
268% and Young’s modulus by 214%. Finally, a slight increase in viscosity of the melted SBS 
compound with asphaltene particles facilitated ease of processing of this high performance 
hybrid material.  
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5.2 Introduction 
Poly(styrene-butadiene-styrene) tri-block copolymer (SBS) is one of the most important 
commercially available thermoplastic elastomer rubbers that consist of two different phases 
morphology. In SBS, the glassy polystyrene (PS) domains have been found to be covalently 
connected by rubbery polybutadiene (PB) segments [1, 2]. By owning mechanical properties 
such as softness, flexibility and extensibility that similar to most of others synthetic and natural 
rubber [3], SBS also exhibits several other advantages such as damping properties, chemical 
resistance and electrical insulation [4]. SBS is not only studied for an attractive polymer matrix 
with various reinforcements including carbon black [5], carbon nanotubes [6-9], carbon fiber 
[10], and clay [11-13], but also extensively explored for the preparation of polymer blends with 
poly(2,6-dimethyl-1,4-phenylene oxide) [14], polyaniline [15-17] and thermoplastic 
polyurethane [3]. In addition, a great amount of works were investigated for the improvement in 
the overall performance of bitumen for road paving applications by applying SBS as modifier, 
including rheological, mechanical and physical properties [18, 19]. 
Asphaltenes is the heaviest hydrocarbons component in crude oil along with paraffins, 
resins, aromatics and napthenes [20]. The chemical characteristics and molecular mass of 
asphaltenes are difficult to determine due to their structural complexity that is depending on the 
crude oil sources and the strong propensity of self-aggregation, which stems from the hydrogen 
bond, π-π* stacking forces [21, 22], polarity induction forces [23], and electrostatic attractions 
among the molecules [24, 25]. It is suggested that the flocculation and self-aggregation of 
asphaltene by forming as colloidal particles result in the formation of coke-like precursor, which 
is responsible for the blockage of transfer pipelines [26] and the deactivation of catalytic reaction 
in the oil upgrading and refining processes [27]. Based on a considerable numbers of studies 
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using various characterization techniques, the general molecular structure of asphaltene contains 
alicyclic and side aliphatic chains that surround on the poly-condensed aromatic- and naphtenic-
units core by substitution with minority of heteroatoms such as nitrogen, sulfur, and oxygen, and 
traces of metal elements [28].  
Although many research efforts have been made to perform the structure analysis of 
extracted asphaltene from different crude oils [29, 30] and treated with various processes towards 
asphaltene [28, 31], scarce attention has been focused on its potential application other than the 
source of pure carbon microsphere [32] and carbon fibers [33]. Intrigued by the idea from 
asphaltene’s reinforcement effect in asphalt by providing the stiffness and mechanical strength to 
the overall structure [34], the extracted asphaltene will be investigated as a novel low-cost filler 
material for the processing of SBS hybrid composites in this experiment, which has rarely been 
reported. 
5.3 Experimental 
5.3.1 Materials 
The source of asphaltene, asphalt (Asphalt-All Grade), was obtained from the Road 
Science, LLC (Tulsa, Oklahoma). The n-heptane (HPLC) and toluene (Reagent) were all 
obtained from Fisher Scientific and were used directly without further purification in this 
experiment. The poly(styrene-butadiene-styrene) rubber was purchased from Polyone 
Distribution (Romeoville, Illinois). 
5.3.2 Extraction of asphaltene 
The asphaltene was extracted from the asphalt through SARA (saturates-aromatics-
resins-asphaltenes) fractionation strategy followed by the previously research [28]. Specifically, 
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the asphalt was dissolved in toluene with mass/volume ratio of 1:5 and mixed for 1 h at 60 °C. 
The mixture was filtered with 0.45 μm filter membrane to separate the filtrate and undissolved 
components. After the removal of toluene with a rotary vaporator, the toluene-free asphalt was 
further mixed with n-heptane at a mass/volume ratio of 1:40 for another 4 h at 80 °C. Then the 
mixture was left in a dark cabinet overnight for fully precipitation. Afterward, the mixture was 
filtered with 0.45 μm filter membrane to collect the non-filterable substance (asphaltene). To 
remove the residual waxy substance, asphaltene was further purified by merging in boiled n-
heptane in a Soxhlet apparatus for at least 24 h until the filtrate solution became colorless. 
Ultimately, the obtained dark-brown solid asphaltene was dried in a vacuum oven at 70 °C 
overnight to evaporate the n-heptane and was referred as the final product to be used as filler 
material.  
5.3.3 Preparation of asphaltene/SBS hybrid composites 
The SBS and asphaltene were blended in different compositions at a mixing speed of 65 
rpm in a twin-screw microcompounder (DACA Instrument, Santa Barbara, CA) at 180 °C for 15 
min to facilitate homogenous melt compounding. Subsequently, the extruded samples were 
compressed into square plates (dimension of 50 × 50 × 1 mm) by compression molding at 180 
°C and with a pressure of 1500 psi for 30 min. After temperature cool down and pressure relief, 
the obtained samples were cut into specific shapes for different measurements: circular 
specimens with a diameter of 25 mm were prepared for rheology tests; standard dog-bone 
specimens were made for tensile tests; and 15 × 5 × 1 mm rectangular specimens were used for 
dynamic-mechanical analysis. 
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5.3.4 Characterization 
Elemental analysis of asphaltene was performed on Perkin Elmer 2100 Series II CHN/S 
Analyzer by 4 times to determine average value for the compositions of asphaltene. Fourier 
transform infrared spectroscopy (FTIR) was carried out on IRAffinity-1 Fourier Transform 
Infrared Spectrophotometer from Shimadzu. The asphaltene powders were finely grounded with 
KBr powder and pressed into circular pellets for measurement. All the absorption spectra were 
acquired from 500 to 4000 cm
-1
 with 48 scans and a resolution of 4 cm
-1
. The morphology of 
asphaltene particles and fracture surface of asphaltene/SBS composites were characterized under 
FEI Quanta 250 field emission scanning electron microscope (FE-SEM) at 10.00 kV under high 
vacuum. The rheological properties of composites were performed on an AR2000EX rheometer 
(TA Instruments) under oscillatory shear measurement in frequency sweep testing mode at 180 
°C. A Q50 thermogravimetric analyzer (TGA) from TA Instruments was employed to study the 
thermal stability of asphaltene/SBS hybrids under nitrogen atmosphere. Dynamic-mechanical 
properties of specimen were measured from -100 to 120 °C at 3 °C/min on a Q800 dynamic 
mechanical analyzer (DMA) from TA Instruments using tension clamp in constant strain 
(0.05%) mode. The tensile tests were performed on Instron at extension rate of 50.0 mm/min 
using a static load cell (±2 kN). 
5.4 Results and discussion 
The quantities of different elements in asphaltene are summarized in Table 5-1. Besides 
the carbon and hydrogen found in this carbonaceous material, a small amount of heteroatoms 
also presented including oxygen, sulfur and nitrogen, which was relevant to the self-aggregation 
and flocculation [35]. Furthermore, the highly aromaticity characteristic of asphaltene’s 
molecular structure was indicated by the ratio of H to C (~1.10) [36]. 
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Table 5-1 Composition of pristine asphaltene 
%C 83.75 ± 0.05 
%H 7.72 ± 0.10 
%N 1.46 ± 0.04 
%S 5.46 ± 0.08 
%O* 1.62 ± 0.14 
H/C 1.10 
* Oxygen content is determined from the weight balance 
 
Figure 5-1 FT-IR absorbance spectra of asphaltene after subtraction of baseline 
Figure 5-1 shows that the FT-IR absorption spectrum of the extracted asphaltene had 
similar characteristic peaks, as reported the previously studies [28, 37, 38]. For aromatic 
functionalities, the bands of 748, 812, and 864 cm
-1
 corresponded to the out-of-plane C-H 
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bending in 1,2-disubstituted aromatic, 1,4-substituted aromatic and 1,3-disubstituted aromatic, 
respectively; and C=C stretching vibration in aromatic structure was assigned at 1601 cm
-1
. For 
aliphatic functionalities, C-H stretching vibrations of CH2 and CH3 were assigned at 2922 and 
2852 cm
-1
; while, the peaks at 1458 and 1375 cm
-1
 represented the C-H bending vibration of CH2 
and CH3. For polar functionalities, stretching vibration of –OH and/or –NH appears at around 
3444 cm
-1
; and stretching vibration of S=O in sulfoxides was observed at 1031 cm
-1
.  
  
Figure 5-2 Morphology of asphaltene powders (a) 5,000 ×; (b) 20,000 × 
As shown in Figure 5-2, the morphology of extracted asphaltene powder is characterized 
as micron particles that agglomerated by several platelets in the stacking form, which is the result 
of self-aggregation of asphaltene molecules. Such characterized morphology of asphaltene also 
exhibited the similar observation from previous study [39]. 
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Figure 5-3 Comparison of η* and G′ of asphaltene/SBS composites at 180 °C 
Figure 5-3 compares the effect of dynamic frequency on the viscoelastic behavior in neat 
SBS and asphaltene/SBS composites at the same temperature during the melt-compounding 
process (180 °C). The SBS melt showed gradually increasing complex viscosities (η*) with 
increasing loadings of asphaltene fillers over oscillation frequencies (ɷ) ranging from 0.1 to 100 
rad/s. This indicated that the incorporated fillers led to a higher viscous SBS suspension because 
of the involvement of asphaltene particles in the filler-SBS matrix interaction. However, the 
increase in viscosity was not significant even at 50 wt. % loading, confirming the ease of 
processing of asphaltene/SBS hybrid materials even at higher loading levels. The elastic shear 
modulus (G′) of the composites also exhibited an increase with increasing filler load in the SBS 
matrix, which was attributed to the stiffness imparted to the overall matrix by the asphaltene 
particles. 
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Figure 5-4 Comparison of (a) thermal degradation and (b) derivative weight changes of the 
asphaltene/SBS composites under nitrogen atmosphere 
Figure 5-4 shows the thermal degradation behavior of pristine asphaltene, neat SBS, and 
asphaltene/SBS composites. Figure 5-4(a) shows that approx. 55 wt. % residual char was left 
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after pyrolysis of asphaltene in inert nitrogen atmosphere. The carbonaceous material 
experienced significant weight loss between 350 and 550 °C, with the weight loss peak at 
approx. 470 °C, indicated by the derivative weight changes curve in Figure 5-4(b), which 
corresponded to the collapse of asphaltene’s molecular structure [34]. Above 600 °C no further 
weight loss was observed during pyrolysis. The SBS copolymer thermally degraded between 250 
and 470 °C, exhibiting two major weight loss peaks at approx. 340 and 425 °C, which were 
attributed to the decomposition and volatilization of the polymeric components [40, 41]. As filler 
loading increased, SBS and asphaltene/SBS composites exhibited different thermal degradation 
behavior. Specifically, the weight loss curve of the composites exhibited an additional shoulder 
ca. 450 °C. This observation was attributed to the degradation of asphaltene in the composition. 
Table 5-2 compares the thermal degradation temperatures of asphaltene/SBS composites at 5 and 
10 wt. % weight loss. The incorporated asphaltene gradually improved the thermal stability of 
the SBS composites because of the higher thermal resistance of asphaltene. Table 5-2 also shows 
the residual weights of pristine asphaltene and asphaltene/SBS composites with different 
compositions. 
Table 5-2 Summary of weight loss and thermal stability of asphaltene and asphaltene/SBS 
composites under nitrogen atmosphere 
 Asphaltene 
Neat 
SBS 
5 wt. 
 % 
10 wt. 
% 
20 wt. 
% 
30 wt. 
% 
40 wt. 
% 
50 wt. 
% 
Residual 
weight (%) 
55.05 0 3.794 6.203 12.54 16.58 23.19 26.92 
Temperature 
at 5% 
weight loss 
(°C) 
394.47 263.97 265 273.88 278.42 281.69 281.49 284.84 
Temperature 
at 10% 
weight loss 
(°C) 
422.37 283.77 285.19 296.07 308.32 306.75 306 310.02 
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Figure 5-5 Representative E’ and tan δ curves of asphaltene/SBS composites 
Figure 5-5 compares the dynamic mechanical properties of asphaltene/SBS composites. 
With increasing asphaltene loadings, the storage modulus (E′) of the SBS composites showed a 
noticeable increase both in the glassy and the rubbery regions. With increasing asphaltene loads 
in the SBS matrix, the peak magnitudes of the tan δ curves became smaller and the peak position 
shifted slightly to higher temperatures, indicating an increase in polymer network density and 
glass transition temperature (Tg). 
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Figure 5-6 Comparison of (a) E’ at glassy and rubbery regions (b) Tg and tan δ peak magnitude 
of asphaltene/SBS composites. The error bars represent standard deviations based on three to 
four samples. 
Figure 5-6(a) compares the storage modulus E′ in the glassy (–100 °C) and the rubber 
regions (25 °C) for asphaltene/SBS composites with different asphaltene loadings. Although E′ 
127 
 
gradually increased in both regions with increasing filler load, a more pronounced reinforcement 
effect of asphaltene was found in the rubbery region. Specifically, in glassy region E′ increased 
only by about 19 %, even at 50 wt. % loading, while it increased up to 305 % in the rubbery 
region. As a result, the reinforcement might not be as outstanding as asphaltene are surrounded 
by relatively rigid structure of SBS in the glassy region; whereas, such strengthening effect could 
be much stronger in the rubbery region, where the PS domains become soften. Figure 5-6(b) 
compares Tg and the tan δ peak magnitudes of composites with different filler loadings. 
Increasing filler loads caused a slight increase in Tg of the asphaltene/SBS composites from –39 
°C to –36 °C, and a decreased in tan δ peak height by 0.2. This effect was explained by the fact 
that the introduced rigid asphaltene particles interfered with and constrained the mobility of the 
polymer chains by occupying free volumes in the matrix, which led to a further increase in 
polymer network formation density in the matrix [42]. 
 
Figure 5-7 Comparison of stress-strain curves of asphaltene/SBS composites 
128 
 
The tensile test results shown in Figure 5-7 indicate that neat SBS copolymer exhibited 
rubber-like plastic deformation and significant elongation behavior prior to fracture. In addition, 
given the reinforcement of PS segments in PB matrix, the stress-strain (σ-ε) curve of SBS 
copolymer showed the continuous increment in tensile stress during yielding, which was 
different from the conventional rubbers studied in the previously works. In comparison of neat 
SBS, the σ-ε curves of hybrid materials containing asphaltene showed similar behavior. Whereas, 
it is interesting to observe that the tensile strength and elongation were dependent on the weight 
percent of asphaltene in SBS: initially, the values of both properties increased gradually from 5 
to 20 wt. % and then decreased systematically from 30 to 50 wt. %. As demonstrated in the inset 
of Figure 5-7, the slopes of σ-ε curve increased within 5 % tensile strain, indicating an 
enhancement in Young’s modulus among asphaltene/SBS composites upon the filler loading. 
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Figure 5-8 Comparison of (a) tensile strength and elongation at break; (b) Young’s modulus for 
asphaltene/SBS composites. The error bars represent standard deviations based on three samples. 
Figure 5-8(a) compares tensile strength and elongation at break for asphaltene/SBS 
composites. Both properties displayed a similar trend with increasing asphaltene loading in the 
composition. For instance, tensile strength and elongation increased by 2.2 MPa and by 268 % 
from 0 to 20 wt. %; at higher filler loading, both values decreased. This phenomenon was 
attributed to the presence of π-π* physical stacking forces between filler and matrix, where the 
rigid structure of asphaltene provided a strong reinforcement effect in the SBS matrix; however, 
at higher loadings, the agglomeration of asphaltene particles in the matrix caused the 
deterioration of mechanical properties and the uneven distribution of stresses during extension. 
Figure 5-8(b) shows the modulus determined from the two regions of stress-strain curve of the 
asphaltene/SBS composites with different filler loadings. A substantial, gradual increase in the 
Young’s modulus was seen determined from 0.5 - 2.5% strain by presence of higher loading of 
rigid asphaltene filler in the SBS matrix, which indicated the substantial reinforcement effect of 
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the fillers. In particular, E0.5-2.5% increased from 4.1 MPa for neat SBS to 12.8 MPa (by 214 %) 
for asphaltene/SBS composites with 50 wt. % asphaltene particles in the copolymer matrix.  
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Figure 5-9 SEM images of fracture surface of asphaltene/SBS composites: (a) Neat SBS; (b) 5 
wt. %; (c) 10 wt. %; (d) 20 wt. %; (e) 30 wt. %; (f) 40 wt. %; (g) 50 wt. % 
Figure 5-9 shows the facture topography of specimens after the tensile testing. It can be 
seen that asphaltene agglomerated into ca. 30-50 μm large, individual pebble-formed particles 
during melt compounding. Figure 5-9(b)-(e) shows that the filler particles were well dispersed in 
the matrix at lower loadings; however, filler loadings of 40 and 50 wt. % in SBS led to poor filler 
dispersion and to poor tensile properties of these composites. In addition, the overall fracture 
surfaces were similar for all samples at any given loading, indicating that asphaltene fillers did 
not influence the ductile failure mechanism of asphaltene/SBS composites. 
5.5 Conclusion 
The asphaltene extracted from raw asphalt was studied for novel application as low-cost 
filler in SBS composites from melt-compounding process. According to the rheological 
measurement, both complex viscosity and shear storage modulus of SBS copolymer exhibited an 
increment upon blending with increasing loadings of asphaltene powders. Besides the 
improvement of thermal stability as the elevation of the decomposition temperature by 20 °C in 
the Asphaltene/SBS hybrid materials, the incorporated asphaltene was not only recognized for 
the reinforcement effect at glassy and especially at rubbery region by displaying 305% 
improvement in storage modulus, but increased the cross-linking density of SBS copolymer as 
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well. Regarding the mechanical properties, the introduced asphaltene particles improved the 
tensile strength, elongation, as well as the modulus at small tensile strain region of SBS matrix. 
In summary, the inexpensive filler material, the easiness processing technique, and excellent 
mechanical properties guarantee asphaltene/SBS hybrid material as a high performance 
composite in manufacturing applications. 
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CHAPTER 6: GENERAL CONCLUSIONS 
6.1 General discussion 
Epoxy-based nanocomposites reinforced by three types of ZrW2O8 nanoparticles with 
distinct physical and thermal properties and loading levels of 10 and 20 vol. % were successfully 
prepared. The homogenous dispersion of ZrW2O8 nanoparticles in the polymer matrix did not 
negatively affect the thermal stability of the composite. The viscosity of the suspension exhibited 
a more significant increase when reinforced by the larger nanoparticles than with the smaller 
ones. The gel time of the nanocomposites decreased as ZrW2O8 loading increased, indicating a 
catalytic effect of the nanoparticles on the formation of a cross-linking network. Importantly, the 
greatest reduction in CTEs in the glassy region was found in the specimens with 20 vol. % of 
those ZrW2O8 nanoparticles that exhibited the most negative CTE values. At 25 
°
C, all three 
types of nanoparticles facilitated an overall equivalent enhancement in storage modulus of the 
epoxy with increasing filler loadings. However, the lowering of crosslinking density and Tg were 
attributed to the disruption of fully dense network and formation of repulsive interphase by 
presence of nanoparticles in polymer matrix. With slightly increasing nano-filler composition, 
both dielectric constant and dissipation factor of the nanocomposites increased slightly over the 
frequency range between 1 and 10
6 
Hz due to the introduction of interfacial polarization effect 
between nanoparticles and epoxy matrix under AC electric field. Finally, the ZrW2O8 
nanoparticles improved dielectric breakdown strength slightly, and lowered the variation of 
breakdown strength according to the Weibull statistical distribution analysis. In summary, epoxy 
reinforced with 20 vol. % Type-1 ZrW2O8/epoxy nanocomposites achieved excellent CTE 
reduction, a pronounced improvement in dynamic mechanical properties, and preserved the 
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advantageous dielectric properties of epoxy resins, making them prospective candidates for 
applications in the microelectronic insulation industry. 
Pristine and purified h-BN nanoparticles were successfully performed by a novel 
biomimetic functionalization approach in green aqueous solution. The strong π-π* and van der 
Waals interaction facilitated the polydopamine non-covalently encapsulating the nanoparticles as 
confirmed by different characterization techniques like SEM, TEM, TGA, and Raman 
spectroscopy. The h-BN/BECy nanocomposites with homogenous filler dispersion were 
successfully processed to investigate the effect of volume fractions and functionalities of nano-
fillers on different properties. The overall thermal stability of neat BECy was mostly sustained as 
incorporation with h-BN nanoplatelets at different loadings. Due to the low CTE and superior 
high modulus, the incorporated h-BN nanoparticles exhibited the enhancement in dimensional 
stability and reinforcement effect of BECy regardless the functionality. Even though the 
dopamine-treated h-BN reduced the Tg of polymer matrix due to the lower chemical reactivity 
between the catechol moiety and cyante ester functional group, the pristine h-BN had nearly no 
detrimental influcence on the both cross-linking density and Tg. The most pronouced 
improvement in thermal conductivity of h-BN/BECy nanocomposites was found in the sample 
containing 15 vol. % pristine nanoparticles. Furthermore, the dielectric properties of h-BN/BECy 
can also be tailored depending on the functionalities of nanoparticles. In summary, the h-BN/ 
BECy nanocomposite exhibites the promising improvement in both thermo-mechanical and 
dynamic-mechanical properties, desirably enhancement in thermal conducivty, and controllable 
dielectric properties, indicating the potential application in both microelectronic packaging 
industry and structural capacitors for aerospace devices.  
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Asphaltenes extracted from two raw asphalts were studied for novel applications as low-
cost fillers in both epoxy and SBS polymer matrices. Prior to the preparation of the composites, 
two asphaltene were characterized to measure their elemental compositions, general structural 
characteristics and morphologies using a series of different techniques. The elemental analysis 
and SEM characterization revealed that the two asphaltene exhibited similar compositions and 
morphologies. However, FT-IR and Raman analysis indicated that the molecules of asphaltene 
#2 consisted of a higher number of aliphatic chains around smaller aromatic core structures than 
asphaltene #1.  
Molecular functionalization of asphaltene #1 with GPTMS and APTES silane coupling 
agents was performed and confirmed by XPS, TGA and FTIR analysis. Asphaltene/epoxy 
composites with four different loading levels were successfully prepared and their thermo-
mechanical properties characterized. The reinforcing effect of asphaltene in the polymer matrix 
was recognized by the gradual increase in storage modulus of the epoxy composites with 
increasing filler level. Incorporation of functionalized asphaltene into the composites resulted in 
a more pronounced increase in storage modulus that was attributed to the enhanced interfacial 
interaction of the fillers with the epoxy resin. In addition, the functionalized asphaltene also 
slightly increased the glass transition temperature without detrimental effects on the thermal 
stability of the epoxy resin.  
Pristine asphaltene #2 particles were incorporated into the SBS copolymer matrix through 
melt compounding. Rheological measurements showed that both complex viscosity and shear 
storage modulus exhibited an increase with increasing loadings of asphaltene. The thermal 
stability of the composites increased as seen in the increase in decomposition temperature by 20 
°C. The incorporated asphaltene not only had a reinforcing effect in both the glassy and 
138 
 
especially in the rubbery region (where the storage modulus increased by 305 %), but it also 
increased the polymer network density in the asphaltene/SBS composites. The asphaltene 
particles also improved tensile strength, elongation at break, and Young’s modulus of SBS 
matrix. In summary, asphaltene is an inexpensive and abundant raw material, and its overall 
excellent thermal and mechanical properties make it a promising filler material for scale-up 
efforts in the polymer composites industry. 
6.2 Recommendations for future research 
Additional to the work described and discussed above, it would be beneficial to expand 
further research work continued in each project.  
In the first project, due to the poor interfacial interaction between pristine nanoparticles 
and epoxy resin leading to the decreasing of Tg, a proper surface modification of nanoparticles is 
necessary to enhance the chemical functionality of filler’s surface. A broad range of silane 
coupling agents, functional polymers and surfactants are available for the functionalization of 
inorganic nanofillers in epoxy resin. Also, the variation in degree of surface treatment towards 
nanoparticles may result from the difference in physical properties (e.g. surface area, 
morphology) among the synthesized ZrW2O8 nanoparticles, which could further affect the 
performance of epoxy resin nanocomposites. 
In the second project, it would be interesting to investigate the advanced boron nitride 
nanotubes (BNNT) reinforced polymer nanocomposites. Among the family of nano-sized BN, 
BNNT attracts special attention for its unique structure and properties in recent years. The 
structure of BNNT is analogous to carbon nanotube (CNT) by substituting of equal numbers of 
boron and nitrogen atoms to carbon atoms in lattice structure, as shown in the Figure 6-1. Except 
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for higher thermal and chemical stability than CNT, a principle advantage of BNNT over 
traditional and other forms of nano-sized BN is the efficiently utilization of the high thermal 
conductivity in (002) planes and minimization of the effect of other crystal faces for the poor 
thermal conductivity along the [002] directions in well-aligned tubular structure. Due to the 
strong anisotropic thermal and physical properties of BNNT, the fabrication of boron nitride 
nanosheet (BNNS) containing well-aligned BNNT seems to facilitate the superior properties of 
polymer matrix nanocomposites.  
 
Figure 6-1 Structure of BNNT 
 In the last project, the reinforcement effect of asphaltene in other polymers can be 
evaluated. Known for its aromatic structural characteristic, asphaltene could be dissolved in any 
aromatic monomer and form the composites through in-situ polymerization. For instance, the 
preliminary work indicated that 30 parts of asphaltene powders could be dissolved in 70 parts of 
polystyrene (PS) monomer, and the mixture could be further polymerized with the presence of 
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benzoyl peroxide as initiator at 60 °C. The thermo-mechanical and mechanical properties of 
asphaltene/PS composites would be interesting to investigate. Besides that, a fundamental 
research topic could be established and developed by creation of solubility map for asphaltene in 
different organic monomers with software “Hansen Solubility Parameter in Practice (HSPiP)”. 
The obtained solubility sphere predicts the solubility of asphaltene in different monomers, which 
makes possible for the in-situ polymerization of composites. 
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APPENDIX A: SPPLEMENTARY INFORMATION FOR CHAPTER 2 
A.1 Investigation of variation in CTE among ZrW2O8 nanoparticles 
   
Figure A-1 TEM images of (a) Type-1 ZrW2O8 nanoparticle, (b) Type-2 ZrW2O8 nanoparticle, 
and (c) Type-3 ZrW2O8 nanoparticle 
Characterization of the crystalline structure of individual nanoparticles is essential to 
understand the relationship between CTE and nanoparticle type. Bright field TEM images and 
electron diffraction patterns of different nanoparticles shown in Figure A-1 reveal that both 
Type-1 and Type-2 nanoparticles are characterized by a single crystalline structure, as evident 
from the presence of only one set of periodical lattice patterns, as shown in Figure A-1(a) and 
Figure A-1(b), respectively. On the other hand, Type-3 nanoparticles are characterized by a 
polycrystalline structure, as shown in the electron diffraction pattern in Figure A-1(c), where 
more than one set of lattice patterns can be observed. The constraints and stress generated among 
the multiple crystal boundaries in the poly-crystalline Type-3 nanoparticles may reduce the 
propensity for the crystal structure to recede inward, leading to lower magnitude of negative 
CTE for Type-3 particles compared to Type-1 and Type-2 nanoparticles. Other work in the 
literature has shown that presence of defects in the crystal boundaries can lead to an increase in 
the CTE values for nanocrystalline materials [1]. Hence, the presence of defects, which may 
142 
 
contribute to a higher CTE to counteract with the NTE behavior of ZrW2O8, could be another 
possible reason for the overall lower negative CTE in Type-3 particles. Interestingly, this does 
not appear to be a constraint in the high temperature β-phase, where all three types of particles 
have the same values of negative CTE. 
A.2 References 
[1] I. B. Krynetskii, B. A. Gizhevskii, S. V. Naumov and E. A. Kozlov, Physics of the Solid 
State, 2008, 50, 756-758. 
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APPENDIX B: SPPLEMENTARY INFORMATION FOR CHAPTERS 5 AND 6 
B.1 Comparison of FT-IR for the two asphaltene 
 
Figure B-1 (a) Comparison of FT-IR absorbance spectra of two asphaltene; (b) Main absorbance 
peaks in FT-IR spectra of asphaltene 
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Figure B-1 (a) demonstrates that although both asphaltene samples showed similar FT-IR 
spectra, several peak intensities and areas were not identical. The differences in structural 
characteristics of the asphaltene molecules in the two samples were examined by quantifying 
specific peak areas from the IR spectra, which are summarized in Table B-1. Table B-2 shows 
that several similarities were shared by both asphaltenes, including aliphaticity, aromaticity, and 
the proportion of aliphatic branch chains. However, asphaltene #2 (extracted from Asphalt-All 
Grade) consisted of higher aliphatic chains around the aromatic core molecular structure, 
indicated by its higher value of relative proportion of aliphatic to aromatic groups and the higher 
proportion of aliphatic long chains compared to asphaltene #1 (extracted from AAB-1 asphalt).  
Table B-1 FT-IR peak assignment and analysis of the two asphaltene samples 
Peak (cm
-1
) Description 
Peak Area 
#1 Asphaltene #2 Asphaltene 
3458 O-H and N-H stretching 29.914 25.380 
2922 C-H stretching of CH2 25.704 44.515 
2852 C-H stretching of CH3 25.874 30.874 
1602 
C=C stretching of 
aromatic rings 
13.375 17.753 
1458 C-H bending of CH2 10.998 19.078 
1375 C-H bending of CH3 20.450 34.972 
1031 S=O stretching 3.188 3.992 
866 
C-H oop bending in 1,3-
disubstituted aromatic 
1.965 3.324 
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Table B-1 continued 
808 
C-H oop bending in 1,4-
substituted aromatic 
1.706 2.821 
750 
C-H oop bending in 1,2-
disubstituted aromatic 
1.089 2.001 
725 
C-H bending in straight 
chain of CH2 
0.625 2.314 
 
Table B-1 Comparison of molecular physical properties of the two asphaltene samples 
Description Formula Asphaltene #1 Asphaltene #2 
Relative proportion 
of aliphatic to 
aromatic groups 
2852 2927 1600( ) /IA IA IA  3.856 4.246 
Aliphaticity 1375 1452( ) /IA IA IA  0.226 0.284 
Aromaticity 1600( ) /IA IA  0.096 0.093 
Proportion of 
aliphatic branch 
chains 
1375 1375 1452/ ( )IA IA IA  0.413 0.408 
Proportion of long 
chains 
725 1375 1452/ ( )IA IA IA  0.0199 0.0428 
Proportion of 
aromatic hydrogen 
747 809 874( ) /IA IA IA IA   0.0343 0.0429 
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B-2 Comparison of Raman spectra for the two asphaltene 
  
Figure B-3 Raman spectra of asphaltene #1 at five recorded locations 
 As can be seen from Figure B-3, all spectra were similar in shape, displaying two distinct 
peaks with different sharpness and intensity, which indicated the consistency and homogeneity 
of the asphaltene samples. The deconvolution data and calculated La of two asphaltenes from 
these five randomly chosen locations are summarized in Table B-3. It is found the five selected 
locations exhibit close value in La, indicating the good reproducibility of Raman measurement on 
asphaltene. The average values of La in these two asphaltene are calculated as 1.74 nm and 1.59 
nm, respectively, which indicate that 5 to 7 aromatic rings fused together as the formation of 
poly-aromatic core in each type of asphaltene molecules. 
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Table B-2 Raman spectrum analysis of asphaltene at five selected locations 
Asphaltene #1 (La = 1.74 ± 0.0967 nm) 
Location Band 
Band Position 
(cm
-1
) 
FWHM 
 (cm
-1
) 
Integrated 
Intensity 
La (nm) R
2
 
1 
D1 1352.878 191.2602 240556.5 
1.580714 0.993144 
D3 1507.8 133.2438 71606.37 
G 1573.295 72.3778 86420.71 
D2 1603.951 51.8018 55254.45 
2 
D1 1346.958 170.4925 162538.4 
1.788399 0.991382 
D3 1511.595 244.7648 135488.5 
G 1573.756 72.66879 66064.44 
D2 1603.311 50.60753 39475.91 
3 
D1 1348.918 182.844 260997.8 
1.789509 0.994319 
D3 1484.59 127.7721 65968.45 
G 1562.991 81.2195 106149.6 
D2 1597.439 63.23153 85124.55 
4 
D1 1347.967 170.6136 456144.8 
1.816598 0.994655 
D3 1490.965 153.6974 164264.5 
G 1568.384 76.2239 188325.4 
D2 1600.157 53.50907 161818.2 
5 
D1 1348.421 160.7931 252777.6 
1.701996 0.993144 
D3 1490.158 145.6854 97308.05 
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Table B-3 Continued 
 
G 1567.159 72.09842 97778.75 
 
 
D2 1599.97 54.71363 101223 
Asphaltene #2 (La = 1.59 ± 0.146 nm) 
1 
D1 1355.72 188.346 342618.2 
1.675727 0.9951 
D3 1502.163 138.5766 105750.5 
G 1570.495 79.13227 130485.1 
D2 1604.189 59.64771 89910.61 
2 
D1 1355.418 187.6832 259103 
1.486666 0.994406 
D3 1490.864 138.4076 76401.41 
G 1563.329 80.8146 87545.36 
D2 1600.536 64.60044 90105.41 
3 
D1 1356.229 185.1477 304951.9 
1.614731 0.994793 
D3 1502.657 148.6001 108211.7 
G 1569.611 77.68261 111912.5 
D2 1603.758 61.43301 87766.57 
4 
D1 1357.335 194.2091 326484.5 
1.396103 0.95194 
D3 1506.294 129.1756 97359.96 
G 1568.085 76.31276 103592.3 
D2 1604.201 60.75519 80668.73 
5 
D1 1355.806 188.8532 325002.1 
1.761271 0.994875 D3 1491.894 133.6367 93318.02 
G 1565.168 83.0007 130094.7 
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Table B-3 Continued 
 D2 1601.482 63.89049 104128.5   
 
B.3 Comparison of XPS spectra for the two asphaltene 
The relative contents of each atom in different bonds were estimated from the area under 
the sub-peaks. The detailed deconvolution data for each high-resolution peak are summarized in 
Table B-4. In particular, Table B-4 shows that asphaltene #2 exhibited higher carbon content 
than asphaltene #1 in C=O (2.70% vs. 1.99%) and O=C-O (1.54% vs. 1.05%) bonds. 
Furthermore, a higher oxygen concentration in C=O bonds (42.01%) and nitrogen content in C-N 
bonds with pyridinic N (38.43%) was found in asphaltene #2, while asphaltene #1 exhibited 
higher sulfur content than asphaltene #2 in thiophenic structures (89.34% vs. 68.57%). The 
similarities shared by both asphaltene samples were also obvious. For instance, the majority of 
carbon atoms existed in the form of C-C bond; the C-O bond formation was favored for oxygen; 
more pyrrolic-type bonding was found in both samples; and finally, the sulfur atom tended to be 
present in the thiophenic form.    
Table B-4 Deconvoluted peak data of high-resolution spectra of the elements in the two types of 
asphaltene samples 
 
Asphaltene #1 Asphaltene #2 Bond- 
assignm
ents 
Position 
(eV) 
FWHM 
(eV) 
Area 
% 
Area 
Position 
(eV) 
FWHM 
(eV) 
Area 
% 
Area 
C 
1s 
284.84 2.01 81619 96.86 284.78 2.04 79647 95.76 C-C 
287.52 2.5 1675 1.99 287.05 2.01 2242 2.70 C=O 
289.31 2.21 883 1.05 289.93 2.09 1281 1.54 O=C-O 
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Table B-4 continued 
O 
1s 
531.16 2.46 1228 32.26 531.59 1.9 1847 42.01 C=O 
533.27 2.8 2578 67.74 533.68 1.9 2550 57.99 C-O 
N 
1s 
397.9 2.34 376 21.38 398.44 2.47 717.2 38.43 
pyridinic
-N 
399.89 2.68 1383 78.62 400.22 2.19 1149.2 61.57 
pyrrolic-
N 
S 
2p 
164.03 2.46 3251.0 89.34 163.92 2.09 2467.7 68.57 
thiophen
ic-S 
165.55 2.00 388.0 10.66 165.11 2.5 1131.0 31.43 
sulfite/ 
sulfonyl 
 
